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Abstract
Electroporation is a biological cell’s natural reaction to strong electric fields, where
transient pores are created in the cell membrane. While electroporation holds promise
of being a safe and effective tool for enhancing molecular delivery in numerous med-
ical applications, it remains largely confined to preclinical research and clinical trials
due to an incomplete understanding of the exact mechanisms involved. Muscle fibers
are an important delivery target, but traditional theoretical studies of electropora-
tion ignore the individual fiber geometry, making it impossible to study the unique
transverse and longitudinal effects from the pulse stimulus. In these long, thin mus-
cle fibers, the total reaction of the fiber to the electric field is due to fundamentally
different effects from the constituent longitudinal and transverse components of the
electric field generated by the pulse stimulus. While effects from the transverse com-
ponent have been studied to some degree, the effects from the longitudinal component
have not been considered.
This study develops a model of electroporation and delivery of small molecules
in muscle tissue that includes effects from both the transverse and longitudinal com-
ponents of the electric field. First, an asymptotic model of electric potential in an
individual muscle fiber is derived that separates the full 3D boundary value problem
into transverse and a longitudinal problems. The transverse and longitudinal prob-
lems each have their own respective source functions: the new “transverse activating
function” and the well known longitudinal activating function (AF). This separation
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enhances analysis of the different effects from these two AFs and drastically reduces
computational intensity. Electroporation is added to the asymptotic fiber model,
and simplified two-compartment mass transport equations are derived from the full
3D conservation of mass equations to allow simulation of molecular uptake due to
diffusion and the electric field. Special emphasis is placed on choosing model geome-
try, electrical, and pulsing parameters that are in accordance with experiments that
study electroporation-mediated delivery of small molecules in the skeletal muscle of
small mammals.
Simulations reveal that for fibers close to the electrodes the transverse AF dom-
inates, but for fibers far from the electrodes the longitudinal AF enhances uptake
by as much as 2000%. However, on the macroscopic tissue level, the increase in
uptake from the longitudinal AF is no more than 10%, given that fibers far from
the electrodes contribute so little to the total uptake in the tissue. The mechanism
underlying the smaller effect from the longitudinal AF is found to be unique to the
process of electroporation itself. Electroporation occurs on the short time scale of
polarization via the transverse AF, drastically increases membrane conductance, and
effectively precludes further creation of pores from charging of the membrane via the
longitudinal AF. The exact value of enhancement in uptake from the longitudinal
AF is shown to depend on pulsing, membrane, and tissue parameters. Finally, sim-
ulation results reproduce qualitative, and in some cases quantitative, behavior of
uptake observed in experiments.
Overall, percent increase in total tissue uptake from the longitudinal AF is on
the order of experimental variability, and this study corroborates previous theoret-
ical models that neglect the effects from the longitudinal AF. However, previous
models neglect the longitudinal AF without explanation, while the asymptotic fiber
model is able to detail the mechanisms involved. Mechanisms revealed by the model
offer insight into interpreting experimental results and increasing efficiency of de-
v
livery protocols. The model also rigorously derives a new transverse AF based on
individual fiber geometry, which affects the spatial distribution of uptake in tissue
differently than predicting uptake based on the magnitude of the electric field, as
used in many published models. Results of this study are strictly valid for transport
of small molecules through small non-growing pores. For gene therapy applications
the model must be extended to transport of large DNA molecules through large
pores, which may alter the importance of the longitudinal AF. In broader terms, the
asymptotic model also provides a new, computationally efficient tool that may be
used in studying the effect of transverse and longitudinal components of the field for
other types of membrane dynamics in muscle and nerves.
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1Introduction
1.1 Background and Significance
As medicine evolves and becomes more focused on treating diseases at the molecular
and genetic level, one of the ubiquitous challenges is efficient delivery of therapeutic
drugs across the cell membrane barrier.1,2, 3 This challenge presents itself in some
of medicine’s potentially revolutionary techniques, including gene therapy, which
holds promise for treating cancer, metabolic disorders, cardiovascular diseases, and
many other of humanity’s most devastating diseases.4 To date, there have been more
than 1900 gene therapy clinical trials, and Glyberar became the first approved gene
therapy product in the Western world, which is a treatment for lipoprotein lipase
deficiency.5 For these gene therapy applications, an effective method of improving
delivery across the membrane is to use viral vectors to efficiently transport molecules
into the target cell. However, viral vectors often invade not only the targeted organ,
but other organs too, and they can cause an immune response within the body.6,7, 8
An attractive alternative to viral vector delivery is electroporation-mediated delivery,
which uses strong electric pulses to create transient pores in the cell membrane that
1
molecules may pass through, as illustrated in Fig. 1.1. This method removes the need
to introduce extra biological material into the body as part of the delivery process,
as it utilizes the natural response of membranes to an electric field for enhancing
delivery.
Intact Lipid Bilayer Temporary Aqueous Pores
electric pulse
Apply strong
Figure 1.1: Illustration of electroporation in the lipid bilayer. A strong electric
field causes reorganization of the lipid heads and tails to create temporary aqueous
pores in the membrane.
Although electroporation holds promise for improving delivery, its results cannot
always be predicted. Slightly changing the pulsing protocol results in different elec-
troporation dynamics, which often has a dramatic effect on the uptake of molecules
into the cell.9,10,11 Moreover, the optimal pulsing protocol is a function of the type
of tissue and molecule.12,13,14,15 To advance our understanding of this technology,
and enhance therapeutic applications, models are being developed to investigate
the mechanism behind pore creation and delivery. Deeper understanding from these
models of the physical mechanism of electroporation may lead to a better understand-
ing of why certain pulsing protocols are better than others, providing a theoretical
basis for developing improved protocols for delivery in the future.
A tissue of particular importance in drug delivery is the skeletal muscle, as it is
one of the primary targets in gene therapy applications. Skeletal muscle is easily
accessible, has an abundant blood vascular supply allowing efficient transport of the
secreted protein (Fig. 1.2C), and can manufacture proteins for extended periods of
time due to its post-mitotic nature.1,9, 16 One particular study used skeletal muscle as
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a protein factory for transgenic GHRH, which promotes growth and holds promise for
treating catabolic processes associated with aging and cancer.17 Other studies focus
on localized production of a desired protein in muscle, primarily dystrophin, and have
shown success in increasing motor function loss from muscular dystrophy.17 Finally,
DNA vaccines are one of the most promising applications of electroporation-mediated
gene therapy in muscle, and one study in phase I/II clinical trials involving prostate
cancer indicated a thirty-fold increase in the antibody response that persisted for
eighteen months.17,18
As Fig. 1.2 indicates, muscle fibers are long, thin single cells with multiple nuclei
that are densely packed, except for occasional regions of larger fiber separation due to
connective tissue between the fascicles, larger vessels running between fibers, etc. The
research work presented here simplifies the structure of muscle by assuming the tissue
is a periodic lattice of fibers with identical geometry. Furthermore, the geometry of
the long, thin fibers is assumed to be exactly cylindrical. These simplifications are
necessary to formulate the problem mathematically.
This chapter is divided into experimental studies and theoretical studies involving
electroporation-mediated delivery to tissue, primarily skeletal muscle. Experimen-
tal studies focus on in vivo biological experiments using electroporation-mediated
delivery of various molecules in tissue. Theoretical studies focus on computational
models at the membrane level, cellular and tissue levels, as well as mass transport
for simulation of movement of molecules in electroporation-mediated delivery.
1.2 Experimental Studies
There are a variety of different studies on in vivo electroporation-mediated delivery
of molecules to muscle, yet there are commonalities in terms of equipment, animals,
and pulsing parameters. The most common type of electrodes are plate electrodes
applied transcutaneously and needle electrodes applied intramuscularly.7 Transcu-
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taneous plate electrodes offer the advantages of being noninvasive and generally
provide a more uniform field and molecular uptake in the tissue, yet high voltage
needed to penetrate the skin barrier may cause burning and collateral damage to
other tissues.6 Intramuscular needle electrodes, with radii between 0.1 and 0.3 mm,
offer more localized and targeted delivery, yet they are invasive and the heteroge-
neous field is larger near the surface and tips of the electrodes, leading to potential
irreversible cell damage in these regions.6,21,22,23 The most common animal sub-
jects are mice and rats, where electroporation mediated uptake is often performed
in the muscles of the thigh or lower leg.24 The most important pulsing parameters
are magnitude, duration, number, frequency, interelectrode distance, and orienta-
tion of the electrodes.21,23,24 Pulse magnitude, measured as interelectrode voltage
difference divided by interelectrode distance, ranges from a few hundred to a few
thousand V/cm. Pulse duration ranges from a few hundred microseconds to a few
hundred milliseconds, pulse number ranges from 1 to 30, and pulse frequency is ap-
proximately 1 Hz.21,24,25 However, there are also studies that use bipolar trains of
kilohertz frequency pulses with microsecond pulse duration and approximately 100
V/cm pulse magnitude.7,23 The energy delivered to tissue is generally kept below the
threshold for permanent damage to cells, resulting in large pulse magnitudes cou-
pled with short pulse durations, and small pulse magnitudes coupled with long pulse
durations. A particularly successful protocol is to use short, large magnitude pulses
to electroporate the membrane, followed by long, low magnitude pulses for elec-
trophoretic transport. This protocol is especially important when delivering large,
charged molecules such as DNA.24
Many in vivo experimental studies in muscle focus on introducing genes into the
intracellular space (electrotransfer), and measuring the protein product systemically
or intramuscularly in the animal.21,23,25,26 Some studies even measure the ability of
electrotransfer to correct diseases, such as anemia and diabetes, showing preliminary
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success.22,27 These types of studies are particularly relevant in the field of gene
therapy, as they are measuring the ability of the gene product to treat disease. In
many studies, expression of gene is improved by optimizing the pulsing protocol.
Optimizing pulse magnitude is usually one of the first parameters studies examine,
and from these studies two thresholds have been discovered. Pulse magnitude must
be greater than the first threshold to trigger permeabilization, increased magnitude
results in increased expression up to a second threshold, beyond which increasing
magnitude results in less expression, thought to be the result of permanent muscle
damage from irreversible electroporation.21,26,28,29 Orientation of the electrodes with
respect to muscle fibers is often chosen simply based on ease of application, taking
into account the type of electrodes and the location of the muscle in the animal.21,26
However, orientation has been a topic of study for uptake of small molecules, where
the electric field threshold values for electroporation are compared for longitudinal
versus transverse orientation of electrodes with respect to muscle fibers.29 However,
these studies were performed with parallel plate electrodes, which does not allow
study of the unique nature of the longitudinal component of fields in muscle fibers
(see Sec. 1.3.2).
While experiments measuring gene products are important for optimizing elec-
trotransfer empirically, and are directly relevant to the field of gene therapy, a closer
connection to theoretical models and a mechanistic understanding of electroporation-
mediated delivery is attained from studies that measure the quantity of molecule
itself. Typically, radiopharmaceuticals, such as 99mTc-DTPA or 51Cr-EDTA, or flu-
orescent molecules, such as propidium iodide (PI), are used for measurement of per-
meabilization and molecular uptake directly.29,30,31,32,33 Many studies using these
molecules report similar results to electrotransfer: both show a magnitude thresh-
old for delivery and a magnitude threshold beyond which delivery success decreases.
However, an important aspect of gene delivery that is not accounted for using smaller
6
molecules is the added effect of long pulse durations providing increased delivery
success via electrophoretic transport of large, long DNA molecules. Thus, pulse pro-
tocols that use long pulse durations show a clear advantage in electrotransfer, an
advantage that is not seen in delivery of small molecules.28,34 Furthermore, negative
effects of tissue damage from large pulses appear to influence the actual expression of
genes more so than the molecular uptake process itself.28 Still, measuring uptake of
radiopharmaceuticals provides a quantitative value for total uptake within a given re-
gion of muscle tissue, which can be compared to the same quantity in computational
models.30,31,32 These computational models are explored in the next section.
1.3 Theoretical Studies
Models of electroporation-mediated delivery in tissue may be thought of, in broad
terms, as consisting of four interconnected components: the membrane level model,
the cell level model, the tissue level model, and the mass transport model. The
membrane level model simulates the dynamics of electroporation in the membrane
of each cell in response to a stimulus from external electrodes. The cell level model
incorporates the cellular level geometry and electrical properties to simulate how the
electric field (E) generated by the electrodes is distributed in the cell, and combined
with the membrane model, together they describe the effect of the stimulus on elec-
troporation in each section of the membrane. The tissue level model simulates the
geometry and electrical properties of the collection of individual cells, and conse-
quently, the distribution of the stimulus and its effects throughout the entire tissue.
Finally, the mass transport model simulates the movement of molecules throughout
the tissue and across the cell membrane. In general, a single study focuses on a
subset of these components, while simplifying or ignoring other components. For
example, published models that focus on the dynamics of electroporation in the cell
membrane may only consider a small, spatially homogeneous piece of tissue, while
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models that that capture whole tissue geometry may ignore the effects of individual
cellular geometry.
1.3.1 The Membrane Level Model
From a broad perspective, the two different categories of cell membrane electropora-
tion models are molecular scale models and continuum models. Molecular scale mod-
els employ molecular dynamics simulations to calculate the motion of each individual
molecule in the membrane and cellular environment during electroporation.35,36,37,38
Due to the computational intensity of molecular dynamics simulations, they are not
practical for long pulse durations and tissue scale simulations in molecular uptake
studies.4,23,29,39 Continuum models are the primary practical choice for modeling
electroporation-mediated uptake at the tissue scale level. Some continuum models
account for electroporation by changing the conductance in localized sections of the
membrane based on experiments,40 while others use the Smoluchoswki equation (SE)
to describe the mechanism of creation and evolution of the actual pores in the mem-
brane. The SE is a partial differential equation that governs the distribution of pore
density as a function of pore radii and time.41 It has successfully been used to model
electroporation in a spatially clamped, uniformly polarized membrane patch,42,43,44
as well as to model electroporation in a single cell.45,46,47 However, none of these
studies simulate elongated fibers or more than one cell; the computational cost of
simulating multiple muscle fibers for several microseconds or milliseconds makes the
SE model impractical for electroporation-mediated delivery to muscle tissue.
In response to the limitations of modeling electroporation using the SE, Neu &
Krassowska developed a model based on an asymptotic analysis of the SE.48,49,50
This formulation for modeling electroporation reduces the SE to a system of sim-
pler ordinary differential equations (ODEs), where time evolution of pore density is
proportional to an exponential function of transmembrane potential (Φm). These
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ODEs have been used to model electroporation-mediated delivery ranging from a
spatially clamped, uniformly polarized membrane patch51 to entire tissue composed
of spherical cells,52 as well as electroporation without molecular delivery ranging
from a spherical cell53,54 to liver tissue.55 Some models simulate growing pores large
enough for DNA delivery,51,53,55 while others assume non-growing pores54,56,57 that
are too small for DNA delivery, but still large enough to admit radiopharmaceuticals
and fluorescent molecules described in Sec. 1.2. Most models base electroporation
parameters on experiments using artificial lipid bilayers (ALBs), except Stewart et
al.,57 which fit parameters to muscle fiber experiments. Ultimately, none of these
studies using the asymptotic model of electroporation are adequate for simulating
electroporation-mediated delivery in muscle tissue, given that none of these studies
simulate the 3D cylindrical geometry of muscle fibers. This dissertation work builds
on these previous studies by coupling the non-growing pores, ALB parameters ver-
sion of the asymptotic model of electroporation to the 3D cylindrical geometry of
muscle fibers.
1.3.2 The Cell Level Model
From the perspective of individual cell geometry, modeling electroporation in muscle
tissue presents a particularly unique challenge compared to other types of tissue.
The length of the muscle fibers ranges from two to three orders of magnitude larger
than the radius of the fibers. Thus, models and simulations of muscle fibers must
be simultaneously detailed and broad enough to capture the disparate spatial scales;
they must account for phenomena operating on the small spatial scale of the fiber
radius in transverse cross sections of the fiber, as well as phenomena operating on the
long spatial scale of the fiber length. Coupling this knowledge with the fact that there
are many applications for electroporation involving non-elongated cells, including
electrochemotherapy and delivery in cell suspensions, it is not too surprising that
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many models of electroporation are for spherical, or nearly spherical cells.52,54,55,58
Some studies do model electroporation in spatially elongated cells, yet either assume
space- and voltage-clamped conditions, enforcing spatial uniformity over the entire
membrane,57 or assume the fiber is in a transverse uniform field, enforcing uniformity
along the longitudinal dimension.59 Thus, studies modeling electroporation have
been limited to spherical cells, or elongated cells where membrane dynamics depend
only on the transverse component of the electric field (Et), in the radial and angular
dimensions.
However, it is well known in the stimulation modeling community that the lon-
gitudinal component of the electric field (El) has a significant effect on the electrical
properties of elongated cells. Figure 1.3A illustrates the Et and El components of the
electric field. In models for stimulation, Φm is proportional to the derivative El,
which is called the activating function (AF).60 In this work, the single word “AF” is
synonymous to “longitudinal AF”, where the word “longitudinal” is used to highlight
the difference from the novel “transverse AF” that is derived. Note that the term
“AF” is proper to use for both analytical and numerical derivatives of El,
61 and both
kinds of derivatives are used in this work, although most of the work uses analytical
functions. The AF is known to induce regions of reversed polarity, called virtual
electrodes (VEs), at some distance away from the real electrodes (REs), as shown in
Fig. 1.3B. The AF and induced VEs have been found to play a role in stimulation
of elongated cells, such as nerves, muscle cells, and heart cells.62,63,64,65,66
Some models in the stimulation community attempt to account for the combined
effects of Et and El on Φm by adding the effects Et to the traditional longitudinal
AF, yet they operate under simplifying assumptions. Schnabel & Struijk and Yu
et al. account for Et by simply adding a term to the traditional AF.
67,68 However,
the modified AF proposed by Schnabel & Struijk is valid only for fibers far from
the electrodes, or when the field from the electrodes is approximately uniform and
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perpendicular to the fiber.67 Furthermore, this modified AF is independent of time.
The modified AF proposed by Yu et al. is based on work done by Neu & Krassowska,
who found that excitation has two stages: initial polarization and change of the
physiological state.69 However, unlike excitation, electroporation occurs on the time
scale of initial polarization, but the application of their approach to electroporation
is discussed in Sec. 4.1.
Another approach to combine the effects of Et and El is to develop full 3D volume
conductor models of electric potential in cylindrical fibers. Steady state and time
dependent analytical 3D models of nerve fibers have been developed, but these studies
are limited to passive fibers only.67,70,71 Stickler et al. have numerically simulated
time dependent fiber excitation in a 3D volume conductor model, yet this model does
not include electroporation.72 This dissertation work studies electroporation in a 3D
volume conductor model of a skeletal muscle fiber. The full 3D BVP is reduced to
transverse and and longitudinal problems, accounting for the effects of both Et and
El on evolution of Φm and electropore density in the membrane.
1.3.3 The Tissue Level Model
Many tissue level studies of electroporation in skeletal muscle neglect the cylindrical
geometry of individual cells. A boundary value problem (BVP) is solved, typically by
using the finite element method or the finite difference method, for the distribution of
the electric field magnitude (|E|) throughout the muscle tissue,29,30 although analyt-
ical solutions in two dimensions have been derived and implemented in various kinds
of tissue.73,74,75 In these tissue models, muscle is modeled as a homogenized unit of
conductivity, or a conductivity tensor if anisotropy of the tissue is considered.29,76
Some models dynamically increase the local conductivity in parts of the tissue as a
function of the local |E| to emulate electroporation, yet these models derive changes
in conductivity empirically from experimental data.29,76 The validity of this pro-
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Figure 1.3: Muscle fiber, isopotential lines, and longitudinal AF. The anode and
cathode locations are shown by a plus sign and minus sign, respectively (A) E is
shown at one sample point, along with its components Et and El. Fiber and needles
are drawn in light grey. Isopotential lines and electrodes are to scale, but fiber
radius is not drawn to scale to improve clarity; in reality the electrode radius is
approximately 12 times larger than the radius of the fiber. (B) Generic form of the
longitudinal AF, i.e., BEl{Bz.
cedure is based on the fact that Φm is proportional to |E| in non-electroporating
spherical cells in uniform fields at steady state. However, for muscle fibers this re-
lationship is only true in the transverse direction using Et, and in the longitudinal
direction Φm is proportional to derivative of El (the AF).
69,77,78 Without model-
ing individual cylindrical geometry of fibers, there is no framework to simulate the
dynamic interaction of Et and El, and how these interactions affect Φm and electro-
poration in a fiber.
There are only a select few studies that take into account individual cell geometry
in tissue models of electroporation. Most notable are the studies by Essser et al.
and Gowrishankar et al. using the transport lattice method to model liver tissue
and the endothelium.55,79,80,81 Using the transport lattice method, these studies
represent intracellular, extracellular, and membrane spaces by a lattice of connected
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circuit models, and these circuit models interact with the larger scale tissue model
through bulk conductivities and permittivities. Not only do these studies incorporate
individual cell geometry, but they also incorporate the membrane model by using
the asymptotic model of electroporation, as introduced in Sec. 1.3.1. However, the
transport lattice method has never been applied to fibers, and thus, has never been
used to study the unique interaction of Et and El in electroporation. Finally, some
studies model electroporation in cardiac tissue, where the bidomain model is utilized,
which simulates the entire tissue by modeling intracellular and extracellular spaces,
along with membrane current, in each part of the tissue.82,83 However, the bidomain
model is only appropriate for cardiac tissue with direct electrical connection between
fibers via gap junctions, and does not simulate the cylindrical geometry of individual
cells. This dissertation work models whole tissue level electroporation in muscle
tissue by modeling electroporation in a collection of individual cylindrical fibers,
allowing the interaction of Et and the longitudinal AF (derivative of El) to be
observed in the process of electroporation.
1.3.4 The Mass Transport Model
The transport of molecules due to diffusional and electric field forces is described by a
conservation of mass equation, which is often used in studies simulating electroporation-
mediated delivery in cells and tissue. Granot et al. used the diffusion equation and
the asymptotic model of electroporation (Sec. 1.3.1) to simulate delivery of bleomycin
in cancer tissue using needle electrodes, taking into account spherical geometry of
individual cells.52 However, they ignored transport due to electric field force, using
only the diffusion equation. Zaharoff et al. exercised great care in determining an
accurate permeability coefficient in their model of transport of FITC-labeled dextran
molecules across the membrane through electropores, but they too simulated only
the diffusion, neglecting the transport from the electric field.84 However, transport
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due to electric field force has been shown to be significant, especially for millisecond
pulse durations and large molecules like DNA.85
One of the most advanced studies by Li and Lin incorporated transport due to
both diffusional and electric field forces, and coupled transport with the asymptotic
model of electroporation to simulate uptake of small molecules.86 However, this
model was only for a single cell exposed to a uniform field, and has not been applied
to tissues with spatially elongated fibers. Another study by Movahed and Li adds
simulation of fluid flow by using modified Navier-Stokes equations. In this study,
ionic transport through electropores is simulated for a spherical cell in a uniform
field, yet the dynamic creation and evolution of electropores was not considered in
the model.87 Thus, although electroporation-mediated delivery of molecules in cells
and tissue have been simulated, in some cases the governing equations have been
simplified, and in all cases transport was not applied to elongated fibers and muscle
tissue.
Other mass transport models focus only on transport across the membrane, ne-
glecting the shape of the cell and tissue altogether. Smith et al. incorporated both
diffusional and electric field transport of DNA across the membrane, coupled with
the asymptotic model of electroporation.51 However, individual cell geometry was
neglected by assuming a uniformly polarized patch of membrane, and it was assumed
that extracellular concentration of DNA was constant in time. Assuming constant
extracellular concentration is not suitable when modeling densely packed muscle
fibers where extracellular concentrations change drastically in the small interstitial
space. Furthermore, simplifying assumptions had to be made regarding modeling
long molecules like DNA, specifically for the diffusion coefficient and the effect of
DNA binding to the cell membrane.88,89 To account for the unique transport be-
havior of long, large DNA molecules, very detailed molecular dynamics models have
been used to simulate transport of DNA, siRNA, and water molecules across the
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membrane through electropores, where movement of each individual molecule is ac-
counted for.36,90,91 However, molecular dynamics simulations are limited to a single
pore or small sections of membrane due to the computational resources needed to
simulate these types of models. This dissertation work begins with the conserva-
tion of mass equation, and performs an in-depth analysis to find simplified transport
equations describing uptake of small molecules in skeletal muscle.
1.4 Summary of Scientific Impact
One of the most controversial assumptions in published models of electroporation-
mediated delivery in muscle tissue is that the cylindrical geometry of muscle fibers
is ignored, and thus, the disparate transverse and longitudinal spatial scales of in-
dividual muscle fibers are also ignored. These disparate spatial scales bring about
two different effects: one from the transverse component of the electric field (Et),
and one from the derivative of longitudinal component (BEl{Bz). In published
models of muscle tissue it is assumed that Φm and electroporation depend only on
the magnitude of the total field, |E|, while in fact this dependency is only true for
Et. In the longitudinal direction BEl{Bz, or the longitudinal AF, is the mecha-
nism that evolves Φm, which may effect electroporation. Studies that do simulate
cylindrical geometry of individual fibers use uniform fields, which effectively removes
the existence of El altogether, leaving membrane dynamics solely a function of Et.
Thus, while the mechanism of electroporation due to Et has been studied, little is
known about the mechanism behind electroporation when El is considered due to
the presence of a nonuniform field. The nonuniform field generated from needle
electrodes is an important example, as they are one of the major electrodes used in
electroporation-mediated delivery, due to their ability to bypass the high resistance
of the skin and provide more localized drug delivery in the underlying tissue.6
This dissertation work encompasses the derivation of a novel model of electro-
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poration in skeletal muscle tissue that simulates the effects from both Et and El in
the individual fibers that make up the muscle tissue. Derivation is performed using
generic fiber geometry and electrical properties, and thus, is also of general inter-
est to the stimulation community for simulating the effects of Et and El in nerves.
The membrane level model uses the asymptotic model of electroporation with non-
growing pores and parameters obtained from ALBs to enable time dependent simu-
lations of the electroporation process. The spatiotemporal uptake of small molecules
is simulated by equations derived from the conservation of mass equation that are
coupled to the membrane, cell, and tissue level models. Model parameters for muscle
and electrode geometry, pulsing protocol, muscle electrical properties, and molecular
transport are derived from experiments that deliver small molecules across the mem-
brane of muscle tissue in small mammals, allowing simulation results to be interpreted
within the framework of experimental results. With this connection to experiments,
it is possible to investigate the underlying mechanisms in electroporation-mediated
delivery to skeletal muscle, providing novel insight into developing improved proto-
cols that enhance therapeutic effect. Enhancing the therapeutic effect has potential
far reaching consequences in the clinical setting, from DNA vaccines for cancer to
restoring mobility to those suffering from muscular dystrophy.17
16
2Models and Methods
2.1 Derivation and Validation of the Asymptotic Fiber Model
2.1.1 Separation of Potentials Into Mean and Mean-free components
1A fiber is assumed to be exactly cylindrical to allow for mathematical formulation,
thus, a cylindrical fiber with radius a is placed in a homogeneous, infinite, isotropic
conductive medium2 with extracellular electrodes, as shown in Fig. 2.1. The mem-
brane is assumed to be an infinitesimally thin boundary separating intracellular and
extracellular space, given that the thickness of the membrane is four orders of mag-
nitude smaller than the radius in a typical fiber. The intracellular potential (Vi)
and extracellular potential (Ve) are split into the primary potential Ψ in the tissue
established by the electrodes excluding the microscopic presence of the fiber, and
the secondary potentials Φi and Φe that account for the microscopic presence of the
1 Many of the ideas in this section are originally from our published article with Springer pub-
lishing (springerlink.com, DOI 10.1007/s11517-012-0870-3) in Medical & Biological Engineering &
Computing : http://link.springer.com/article/10.1007%2Fs11517-012-0870-3.
2 While a single fiber in an infinite isotropic medium is not representative of closely packed
muscle fibers in muscle tissue, the analytical solutions used to validate the asymptotic fiber model
(Secs. 2.1.5 and 2.1.6) are formulated assuming an infinite medium. Differences between the
model described here to validate the asymptotic fiber model, and the model used to simulate
electroporation-mediated molecular uptake in muscle, are highlighted in Sec. 2.2.
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fiber,67,70
Vi  Ψ   Φi, (2.1a)
Ve  Ψ   Φe. (2.1b)
It is assumed that the primary potential can be computed from an analytical solu-
tion (see Secs. 2.1.6 and 2.2). The secondary potentials are governed by Laplace’s
equations,67
∇2Φi  0 in ρ   a, (2.2a)
∇2Φe  0 in ρ ¡ a, (2.2b)
with Φe decaying to zero away from the fiber. Note that ρ is the radial distance
from the fiber axis in cylindrical coordinates. Matching conditions on the membrane
require that the current density normal to the membrane must be equal to the total
membrane current per unit area,
σi
B
BρpΨ   Φiq  σe
B
BρpΨ   Φeq  Cm
BΦm
Bt  Im on ρ  a, (2.3)
where σi is the intracellular conductivity, σe is the extracellular conductivity, Cm is
the membrane surface capacitance, and Im is the net membrane current density of
ions moving across the membrane. Note that Im may be represented by arbitrary
membrane dynamics, from linear passive dynamics to nonlinear electroporation or
action potential dynamics. Φm is the transmembrane potential, which according to
Eq. 2.1 only depends on secondary potentials,
Φm  Vi  Ve  Φi  Φe on ρ  a. (2.4)
Solving Eqs. 2.2-2.3 involves solving a three-dimensional boundary value problem
with time-dependent matching conditions on the membrane interface. Considering
the ultimate goal is to simulate multiple fibers in a tissue, the problem is made
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Figure 2.1: Illustration of a 3D muscle fiber for derivation of asymptotic fiber
model. Cylindrical coordinates (ρ, ϕ, and z) are shown. Muscle fiber radius is a.
Muscle fiber not drawn to scale to improve clarity of features: in reality fiber radius
is two or three orders of magnitude smaller than fiber length.
more tractable by reducing the complexity of these governing equations. It is first
recognized that there are two spatial scales: long, determined by the length constant
of the fiber (millimeters), and short, determined by the fiber radius a (micrometers).92
Next, it is recognized there are also two temporal scales: fast, determined by the time
scale of polarization of the fiber by transverse currents (microseconds), and slow,
determined by the time scale of fiber polarization from divergence of longitudinal
currents (milliseconds).69 Thus, it is possible to separate the fast, short-distance
response from the slow, long-distance response. The method of multiple scales is
used, and potentials Φi, Φe, and Φm are considered functions of fast time variable
τ  t and slow time variable Ts  t.93 The small parameter  is the ratio of the fast
to the slow temporal scales,69
  aCm{σi
RmCm
 a
σiRm
, (2.5)
where Rm is the membrane surface resistance. For typical muscle fiber parameters
 is on the order of 10-5. As real time variable t changes, the fast time variable τ
changes at the same rate, while the slow time variable Ts changes more slowly,
B
Bt 
B
Bτ   
B
BTs . (2.6)
The governing equations (Eqs. 2.2-2.3) are written in cylindrical coordinates,
converted to dimensionless form using the scaling units in Table 2.1, and Eq. 2.6 is
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Table 2.1: Scaling units in asymptotic fiber model
Variablea Scaling Unitb Scaling Unit Definition
ρ a Short spatial scale (fiber radius)
z
?
aσiRm Long spatial scale (longitudinal direction)
t aCm{σi Fast time scale of transverse polarization
Ψ,Φi,Φe,Φm Vc Characteristic transmembrane potential
Im σiVc{a Characteristic membrane current density
aScaling units are shown only for variables in the original BVP (Eqs. 2.2-2.3). The same units are
used for the mean and mean-free components of potentials; the mean membrane current Im is
measured in Vc{Rm (see Appendix A) and the slow time scale RmCm is used to convert slow time
variable Ts to dimensional form in Appendix B
bTypical order of magnitude of units is given in text
substituted for the time derivative,69,92
1
ρ
B
Bρ

ρ
BΦi
Bρ


  1
ρ2
B2Φi
Bϕ2   
B2Φi
Bz2  0 in ρ   a, (2.7a)
1
ρ
B
Bρ

ρ
BΦe
Bρ


  1
ρ2
B2Φe
Bϕ2   
B2Φe
Bz2  0 in ρ ¡ a, (2.7b)
BΦi
Bρ  
BΦm
Bτ  
BΦm
BTs  Im 
BΨ
Bρ on ρ  a, (2.7c)
BΦe
Bρ  
σi
σe
"BΦm
Bτ   
BΦm
BTs   Im
*
 BΨBρ on ρ  a. (2.7d)
The potentials Φi, Φe, and Φm are expanded in powers of the small parameter ,
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Φi  Φ0i   Φ1i   ..., (2.8a)
Φe  Φ0e   Φ1e   ..., (2.8b)
Φm  Φ0m   Φ1m   ..., (2.8c)
and they are introduced into Eq. 2.7.
In the limit  Ñ 0, the leading order (LO) problem contains spatial derivatives
in ρ and ϕ that vary only in the transverse direction, and temporal derivatives only
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with respect to fast time variable τ ,
1
ρ
B
Bρ

ρ
BΦ0i
Bρ


  1
ρ2
B2Φ0i
Bϕ2  0 in ρ   a, (2.9a)
1
ρ
B
Bρ

ρ
BΦ0e
Bρ


  1
ρ2
B2Φ0e
Bϕ2  0 in ρ ¡ a, (2.9b)
BΦ0i
Bρ  
BΦ0m
Bτ  Im 
BΨ
Bρ on ρ  a, (2.9c)
BΦ0e
Bρ  
σi
σe
"BΦ0m
Bτ   Im
*
 BΨBρ on ρ  a. (2.9d)
Therefore, it is assumed that the LO potentials can be separated into fast-changing
mean-free components that vary in the transverse direction (ρ, ϕ), and slow-changing
mean components that vary only in the longitudinal direction (z),
Φ0i  φ0i pρ, ϕ, τq   f 0i pz, Tsq, (2.10a)
Φ0e  φ0epρ, ϕ, τq   f 0e pz, Tsq, (2.10b)
Φ0m  φ0mpϕ, τq
meanfree
  f 0mpz, Tsq
mean
. (2.10c)
The mean intracellular and extracellular potentials, f 0i and f
0
e , are averages over
their respective cross-sectional areas, while mean transmembrane potential f 0m is an
average over the fiber circumference.
In Eqs. 2.9c and 2.9d, there is the membrane current term, Im, and the ρ-
derivative of the primary potential, BΨ{Bρ that still have not been separated into
their constituent mean and mean-free components. The goal is to formulate separate
equations for transverse and longitudinal behavior of the system, which necessitates
analyzing these two terms more closely. Appendix A shows that these two terms can
be expressed as follows:
Im  Im   Im, (2.11)
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BΨ
Bρ 
BrΨ
Bρ 

2
B2 〈Ψ〉
Bz2 , (2.12)
where the tilde over a symbol denotes the mean-free component, the bar denotes
an average over the fiber circumference at a given location in z, and the brackets
 ¡ denote an average over the fiber cross-sectional area at that location. Eqs. 2.11
and 2.12 indicate that the mean components of Im and BΨ{Bρ are Opq, and thus
drop out of the LO problem. This finding is used in the next section in defining the
equations of the transverse problem.
2.1.2 Equations of the Transverse Problem
Separated potentials (Eq. 2.10), along with Im (Eq. 2.11) and BΨ{Bρ (Eq. 2.12) in
the limit Ñ 0, are introduced into the LO BVP (Eq. 2.9). The resulting equations
describe the time evolution of the LO mean-free potentials φ0i , φ
0
e, and φ
0
m that
are spatially dependent on ρ and ϕ. Therefore, the following equations defining the
transverse problem are solved at each longitudinal position in z and at each long-time
instant Ts for the LO mean-free potentials,
1
ρ
B
Bρ

ρ
Bφ0i
Bρ


  1
ρ2
B2φ0i
Bϕ2  0 in ρ   a, (2.13a)
1
ρ
B
Bρ

ρ
Bφ0e
Bρ


  1
ρ2
B2φ0e
Bϕ2  0 in ρ ¡ a, (2.13b)
σi
Bφ0i
Bρ  Cm
Bφ0m
Bt 
Im  σiBrΨBρ on ρ  a, (2.13c)
σe
Bφ0e
Bρ  Cm
Bφ0m
Bt 
Im  σeBrΨBρ on ρ  a. (2.13d)
Note that Eq. 2.13 has been converted back to the original dimensional variables,
and as in the original BVP (Eqs. 2.2 and 2.3), the time dependence arises from
matching conditions on the membrane (Eqs. 2.13c and 2.13d). Eqs. 2.13c and 2.13d
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have a forcing function derived from the primary potential: BrΨ{Bρ. This forcing
function is termed the “transverse AF”. It is a novel component of the asymptotic
fiber model, and plays a key role in the results in Chapter 3, especially Sec. 3.2.3,
and is discussed in Chapter 4, especially Secs. 4.1, 4.2, and 4.3.2.
2.1.3 Equations of the Longitudinal Problem
To derive an equation that describes the mean component of potentials, the method
of homogenization is used.92 The process is described in detail in Appendix B, but
is summarized briefly here. A small length of the fiber and surrounding medium ∆z
long is considered, as shown in Fig. 2.2. The length of the fiber has volume vi and
is bounded by membrane (M), end cap at location z (Ei,1), and end cap at location
z   ∆z (Ei,2). The length of the extracellular space has volume ve and is bounded
by membrane (M), extracellular boundary B, end cap at location z (Ee,1), and end
cap at location z   ∆z (Ee,2). The scaled intracellular and extracellular Laplace
equations (Eqs. 2.7a and 2.7b) are integrated over volumes vi and ve respectively.
The divergence theorem is applied to the intracellular volume integral to relate it to
the surface integrals of components of the potential gradient normal to the bound-
aries M , Ei,1, and Ei,2. Likewise, extracellular volume integral is related to surface
integrals of the components of potential gradient normal to the boundaries M , B,
Ee,1, and Ee,2. Given that Laplace’s equation in intracellular and extracellular space
is equal to zero for secondary potentials, the sum of the surface integrals equal zero,»
M
BΦi
Bρ ds  
»
Ei,2
BΦi
Bz ds
»
Ei,1
BΦi
Bz ds

 0, (2.14a)

»
M
BΦe
Bρ ds  
»
Ee,2
BΦe
Bz ds
»
Ee,1
BΦe
Bz ds

 
»
B
BΦe
Bρ ds  0. (2.14b)
Now it is important to remember nature of the medium around the fiber. The fiber
is an infinite extracellular medium because the analytical solutions that are used to
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validate the asymptotic fiber model in Secs. 2.1.5 and 2.1.6 are found for a fiber in
an infinite medium. Therefore, the extra term in Eq. 2.14b due to the extracellular
boundary B drops out because Φe Ñ 0 as ρÑ 8. Appendix B shows that this term
also drops out for the case of closely packed fibers, as introduced in Sec. 2.2. Eqs.
2.7c and 2.7d are substituted for BΦi{Bρ and BΦe{Bρ in the surface integral over the
membrane in Eq. 2.14, and taking the limit as ∆z Ñ 0 yields the 1D equation for
LO mean transmembrane potential f 0m (in dimensional variables),
σia
2
B2f 0m
Bz2 

1   1
γµ

"
Cm
Bf 0m
Bt   Im
*


1   1
γ


σia
2
B2 〈Ψ〉
Bz2 , (2.15)
where γ is the ratio of extracellular to intracellular cross-sectional areas and µ 
σe{σi. Again, because the fiber is placed in an infinite extracellular medium, 1{γ Ñ 0,
and Eq. 2.15 is reduced:
σia
2
B2f 0m
Bz2  Cm
Bf 0m
Bt   Im 
σia
2
B2 〈Ψ〉
Bz2 . (2.16)
Eq. 2.16 has the form of the cable equation with the longitudinal activating function
(AF): B2 〈Ψ〉 {Bz2.60 Primay potential Ψ has an analytical solution and thus remains
true to the original definition of the AF proposed by Rattay,60 except for Secs.
2.4, 3.3.4, 4.3.4, and 4.4.7 where primary potential is solved for numerically due
to complex distribution of macroscopic tissue conductivities. However, as Rattay
indicates, the AF is also a proper term when numerical solutions are used.61 Further
discussion of the relationship between the area-averaged longitudinal AF derived here
(B2 〈Ψ〉 {Bz2) and the traditional AF on the fiber’ axis (B2Ψ{Bz2) is given in Sec. 4.1.
2.1.4 Numerical Implementation of Asymptotic Fiber Model
An algorithm for numerical solution of the transverse and longitudinal problem (Eqs.
2.13 and 2.16) on a computer is outlined below in list format. Details regarding the
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Figure 2.2: Short length of fiber used to derive 1D equation for mean component
of transmembrane potential in the longitudinal problem (Eq. 2.16). Short length
of fiber is ∆z long, that has intracellular and extracellular volumes vi and ve. The
boundaries of the short length of fiber are membrane M , end caps Ei,1 to Ee,2, and
extracellular boundary B. Boundary B is drawn with arbitrary radius Rb to allow
for formulation of a general equation first, and then subsequently assuming the fiber
is in an infinite extracellular medium to produce the specific equation used in this
section.
discretization of these equations to solve them numerically are given below the al-
gorithm. The algorithm is divided into steps performed outside the time loop and
those performed within the time loop.
Outside time loop:
1. Compute time-independent activation functions from primary potentials set up
by electrodes, using analytical solution of primary potential Ψ:
(a) At each position z along fiber, compute B2 〈Ψ〉 {Bz2 for use in longitudinal
problem
(b) At each positions in z and ϕ, compute BrΨ{Bρ for use in transverse problem
2. Set initial conditions at t=0:
(a) At each position in z, set mean component f 0m  Vrest, where Vrest is the
resting transmembrane potential
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(b) At each position in z, ϕ, ρ, set all mean-free components (φi, φe, φm) to
zero
At each time step within time loop:
1. At each position in z along fiber:
(a) Compute Impφ0m   f 0mq at each angle ϕ on the membrane
(b) Compute Im by averaging Im over the fiber circumference, for use in the
longitudinal problem
(c) Compute Im  Im  Im at each angle ϕ on the membrane, for use in the
transverse problem
(d) Use Im and BrΨ{Bρ to solve transverse problem (Eq. 2.13) for φ0i and φ0e
at t ∆t; for each angle ϕ on the membrane compute φ0m at t ∆t using
φ0m  φ0i  φ0e on ρ  a
2. Use Im and B2 〈Ψ〉 {Bz2 to solve longitudinal problem (Eq. 2.16) for f 0m at t ∆t
Step 1d within the time loop numerically solves the 2D transverse problem by
transforming the system of equations using the finite difference method (FDM). In
order to implement the FDM, each 2D cross-section of the fiber cylinder must be
immersed in cylindrical extracellular space with radius Rb (see Fig. 2.2) large enough
to assume Dirichlet boundary condition φ0e  0 on ρ  Rb. The LO Laplace equa-
tions of the transverse problem (Eqs. 2.13a and 2.13b) are discretized using the
finite difference method, and matching conditions (Eqs. 2.13c and 2.13d) are used
to discretize Laplace’s equation at the membrane boundary. The time derivative in
the matching conditions is approximated using the backward difference.94 Step 2
within the time loop solves Eq. 2.16 by discretizing the 1D, time-dependent problem
using the Crank-Nicolson method.95 The no-flux boundary condition in longitudinal
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direction is applied on f 0m at the ends of the fiber, and a sufficient length of fiber
is simulated so that the solution does not change with additional fiber length. The
asymptotic fiber model is implemented in MATLAB, and a 30 ms simulation requires
28.7 minutes of CPU time on an x86-64 machine running Linux with a 3 GHz proces-
sor and 4 GB of memory. Values of all parameters used to simulate the asymptotic
fiber model are given in Table 2.2. Two different electrode setups are used to validate
the asymptotic fiber model by comparing simulation results to analytical solutions,
as detailed in Secs. 2.1.5 and 2.1.6. For both validations, a passive membrane with
linear dynamics is used, which defines membrane current Im,
Impφ0m   f 0mq 
pφ0m   f 0mq  Vrest
Rm
(2.17)
where Vrest is the resting transmembrane potential, and Rm is the membrane surface
resistance, which is a constant value for a passive fiber.
2.1.5 Validation of Temporal Scales Separation
This first validation tests the temporal separation of short and long time scales by
imposing a uniform electric field in the transverse direction to the fiber, yielding a
problem that is independent of longitudinal position z. In this case, the LO poten-
tials represent the solutions to the full BVP in Eqs. 2.2 and 2.3, and the leading
order 0 superscripts are dropped. For a uniform field Eu the primary potential
Ψ  Euρcospϕq, and the mean-free transverse source function and membrane cur-
rent are BrΨ{Bρ  Eucospϕq and Im  φm{Rm. Substituting these equations into
the transverse problem (Eq. 2.13) yields a 2D BVP dependent on ρ and ϕ, and can
be solved using separation of variables.97 Setting initial conditions φi  φe  0 and
applying a step pulse Euptq  Euuptq yields formulas for the mean-free potential in
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Table 2.2: Parameters for validation of asymptotic fiber model
Symbol Value Definition
Fiber and medium geometry and electrical properties96
a 37.5 µm fiber radius
Rb 3.8a  142.5 µm extracellular boundary radiusa
Lf 48 mm length of fiber
b
σi 16.7 mS/cm intracellular conductivity
σe 50.0 mS/cm extracellular conductivity
Rm 2.29 kΩcm
2 membrane surface resistance
Cm 1.3 µF/cm
2 membrane surface capacitance
Numerical implementation
∆ρ a{10  3.75 µm discretization in ρ
∆ϕ pi{16 rad discretization in ϕ
∆z Lf{1536  31.25 µm discretization in z
∆t 1 ns to 0.1 ms discretization in tc
Temporal aspects of pulsing protocol
τp 30 ms pulse duration
d
N 1 number of pulses
Specific to validation of temporal scale separatione
Eu 1.48 V/cm uniform transverse electric field
Vrest -40.1 mV resting transmembrane potential
Specific to validation of spatial scale separation
Is 1.32 mA stimulation current
d 1 cm interelectrode distance
b 10a  375 µm electrode-fiber distance
Vrest 0 mV resting transmembrane potential
a Dirichlet BC on secondary potential, φ0e  0, is applied on ρ  Rb, to approximate
condition φ0e Ñ 0 as ρÑ8 in infinite medium
b Fiber is long enough so that no-flux BC on f0m at ends of fiber does not effect solution
c ∆t is adaptive based on how fast state variables change
d Pulse duration long enough to reach steady state
e Eu and Vrest are chosen so that maximum magnitudes of mean-free and mean potentials
are the same as for validation using point electrodes, which enables the error analysis in
Sec. 2.1.7
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a 2D transverse cross section,98
φi  Euρ cosϕ
"
1   2σe
σi   σe e
t{τip   2a
RmσiDu
 
1  et{τip* , (2.18a)
φe  Euρ cosϕ a
2
r2
"
1  2σi
σi   σe e
t{τip  2a
RmσeDu
 
1  et{τip* , (2.18b)
φm  2Eua cosϕ

1  a
RmDu
σi   σe
σiσe

  
1  et{τip , (2.18c)
where Du is a unitless constant,
Du  1   a
Rm
σi   σe
σiσe
, (2.19)
and τip is the time constant governing the fast initial polarization of the fiber by the
transverse field,
τip  aCm
Du
σi   σe
σiσe
. (2.20)
Substituting Im  pfm  Vrestq{Rm into the longitudinal problem (Eq. 2.16), and
recognizing all derivatives with respect to z are zero, yields an equation for the
evolution of the mean transmembrane potential fm,
Cm
dfm
dt
 fm  Vrest
Rm
, (2.21)
with analytical solution fmptq  Vrest t1  exppt{pRmCmqqu for fmp0q  0. Setting
the initial condition fm  0 instead of the physiological fm  Vrest allows simulation
of the fast transverse polarization as well as the slow charging of the membrane to
its resting state fm  Vrest. Parameters specific to the uniform field validation are
given in Table 2.2.
Results of simulating total transmembrane potential Φm and mean transmem-
brane potential fm, computed from Eqs. 2.18 and 2.21 are shown in Fig. 2.3. There
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Figure 2.3: Validation of temporal scales separation in asymptotic fiber model.
Temporal evolution of total transmembrane potential Φm at ϕ  0 and ϕ  pi and
mean component fm are shown for a fiber in a uniform transverse field. The short
time scale of transverse polarization is shown during the first 5 µs in (A), and the
long time scale of evolution of mean component is shown over the entire simulation
in (B).
are two temporal scales observed in the figure. First, the fast evolution of the mean-
free potential φm with time constant τip  0.39 µs in Fig. 2.3A. Second, the slow
evolution of mean potential fm with time constant RmCm  2.98 ms in Fig. 2.3B.
These disparate scales provide validation for separation of the temporal scales in the
asymptotic fiber model.
2.1.6 Validation of Spatial Scales Separation
The second validation of the asymptotic fiber model compares steady state results
to the analytical solution of a fiber with stimulus provided by point electrodes,67 as
illustrated in Fig. 2.4. This validation tests the separation of short and long spatial
scales. Here, the primary potential has a well-known analytical solution:
Ψ  Is
4piσe

1
Ra
 1
Rc


, (2.22)
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where Is is the stimulus current, and Ra and Rc are distances from the anode and
cathode to a point in 3D space, respectively,
Ra 
d
tpρ cosppi  ϕq   bu2   tρ sinppi  ϕqu2  
"
z   d
2
*2
, (2.23a)
Rc 
d
tpρ cosppi  ϕq   bu2   tρ sinppi  ϕqu2  
"
z  d
2
*2
. (2.23b)
For the AFs in the asymptotic fiber model, the mean-free transverse AF (BrΨ{Bρ) is
defined along the membrane circumference and mean longitudinal AF (B2 〈Ψ〉 {Bz2)
is found from an average over the fiber cross-sectional area,
BrΨ
Bρ 
BΨ
Bρ 
1
2pia
» 2pia
0
BΨ
Bρ adϕ, (2.24a)
B2 〈Ψ〉
Bz2 
1
pia2
» 2pi
0
» a
0
B2Ψ
Bz2 ρdρdϕ. (2.24b)
The integral in Eq. 2.24a is approximated using the Riemann sum, whereas the
integrals in Eq. 2.24b are approximated using the trapezoidal rule. The functions
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BΨ{Bρ and B2Ψ{Bz2 are derived analytically from Eq. 2.22,
BΨ
Bρ  
Is
4piσe
ra  b cosppi  ϕqs
$&%

z   d
2

2
  a2   2ab cosppi  ϕq   b2
ff3{2
(2.25a)


z  d
2

2
  a2   2ab cosppi  ϕq   b2
ff3{2,.- ,
B2Ψ
Bz2 
Is
4piσe
$&% (2.25b)

z   d
2

2
  ρ2   2ρb cosppi  ϕq   b2
ff5{2 
2

z   d
2

2
 ρ2
 2ρb cosppi  ϕq  b2
ff


z  d
2

2
  ρ2   2ρb cosppi  ϕq   b2
ff5{2 
2

z  d
2

2
 ρ2  2ρb cosppi  ϕq  b2
ff,.- ,
where it is assumed that the electrodes are directly under the fiber in the x-dimension
at x  0.
Initial conditions on all potentials, as well as Vrest, are set to zero in accordance
with the analytical solution. The asymptotic fiber is simulated until 30 ms with
the pulse on the entire time, approximately ten-fold longer than the slow time scale
RmCm  2.98 ms in Eq. 2.5, to ensure steady state is achieved. Parameters specific to
point electrode validation are given in Table 2.2. The fibers are considered infinitely
long, and thus, fiber length Lf in Table 2.2 is chosen long enough that the solution
is not affected by longitudinal no-flux boundary condition applied on f 0m at the ends
of the fiber.
The analytical steady state solution for potentials is given in a study by Schanbel
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and Struijk,67
Vj  Ψj  
8¸
n0
» 8
0
 
AjnpkqInpkρq  BjnpkqKnpkρq
(
cospnϕq cospkzq dk, (2.26)
where j  i (intracellular), e (extracellular), or m (membrane), In and Kn are modi-
fied Bessel functions, and Ajn and B
j
n are constants. In this formulation, the constants
Ajn and B
j
n are determined from continuity of current and potential at the intracellu-
lar/membrane and the extracellular/membrane interfaces, with the restriction that
Aen and B
i
n are zero to maintain boundedness of potential. Primary potential Ψj
in Eq. 2.26 is set to zero everywhere except in the extracellular space, where Ψe
is solved from Eq. 2.22. Although the analytical solution assumes finite membrane
thickness and the asymptotic fiber model assumes infinitesimally thin membrane,
the membrane is only 5 nm thick while the fiber radius is 37.5 µm, so this discrep-
ancy is not likely to contribute to error in the asymptotic fiber model. Computer
implementation of Eq. 2.26 was coded originally coded by Brian J. Kim and Wanda
Krassowska Neu,98 and follows guidelines set forth in,67 where the integral in k is
evaluated using the trapezoidal rule with decreasing ∆k as k Ñ 0 to avoid infinite
value of Kn at k  0.
Validation in a transverse profile directly under the cathode, where error in
asymptotic fiber mode is greatest, is shown in Fig. 2.5. Potential is shown in the
range where ρ   3.8a, where ρ  3.8a is where the Dirichlet condition on secondary
potential φ0e  0 is applied. Intracellular and extracellular potentials Vi and Ve com-
puted from analytical equation (Eq. 2.26) are compared to asymptotic fiber model
potentials V 0i and V
0
e . Potential from asymptotic fiber model and analytical solution
are very close. Larger differences are found in the extracellular space: 0.456 (relative
error of 0.68%) and 0.433 mV (relative error of 0.96%) on the proximal and distal
sides of the fiber, respectively. These differences arise from the Dirichlet boundary
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Figure 2.4: Illustration of a 3D muscle fiber with point electrodes. Cylindrical
coordinates (ρ, ϕ, and z) and Cartesian coordinates (x, y, and z) are shown. Proximal
side of fiber closest to electrodes is at ϕ  0, and distal side of the fiber furthest from
electrodes is at ϕ  pi. Electric pulse is provided by two point source electrodes;
symbols ` and a mark positions of the point anode and point cathode, respectively.
Parameters marked on illustration are fiber radius a, interelectrode distance d, and
electrode-fiber distance b. A sample point in space, P , is provided to define the
distance from anode Ra and distance from cathode Rc. Muscle fiber not drawn to
scale to improve clarity of features: in reality fiber radius is two or three orders of
magnitude smaller than fiber length.
condition on secondary potential φ0e  0 at ρ  3.8a, which is clearly not the case
given that Ve is still 1.43 mV below primary potential on proximal side and 1.0 mV
above primary potential on the distal side, meaning that secondary potential is not
quite equal to zero.
Validation in the longitudinal direction is shown in Fig. 2.6. Transmembrane
potential on the most distal and proximal sides of the fiber (see Fig. 2.4) from
asymptotic model (Φ0m) and analytical solution (Φm) are shown to be very close.
Fig. 2.6A reveals the largest magnitude of transmembrane potential occurs over
the anode and cathode at 5 mm, and there are longitudinally adjacent regions
of reversed polarity with smaller maximum magnitude. These regions of reversed
polarity are called “virtual electrodes” (VEs), and are a well-known phenomenon in
electrical behavior of fibers (see Fig. 1.3).99 Profiles zoomed in around the cathode
indicate that error is greatest over the cathode at z  5 mm, with error reversing
sign adjacent to the position of the cathode and reaching 0.226 mV (relative error of
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Figure 2.5: Transverse profile of steady state potentials for validation of spatial
scales separation in asymptotic fiber model. Potentials are shown at steady state
along a line bisecting fiber and extracellular space directly under the cathode (z  0.5
cm) that extends out to ρ  3.8a  142.5 µm, where the Dirichlet boundary condition
φ0e  0 is imposed on secondary potential. Line path and cathode are marked in inset.
Potentials V 0i and V
0
e from asymptotic fiber model are shown in solid grey, Vi and Ve
from the analytical solution in dashed black, and primary potential Ψ in dotted black.
Difference between asymptotic and analytical solutions is shown at the bottom.
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1.3%) at z  4.56 and z  5.44 mm on the distal side of the fiber.
Contour plot of the difference in transmembrane potential between asymptotic
model and analytical solution over a section of membrane longitudinally centered over
the cathode is shown in Fig. 2.7. Largest error occurs over the site of the cathode,
and over the cathode the largest error occurs between ϕ  0..  pi, rather than at
the most proximal or distal angles of ϕ  0 and ϕ  pi. RMSE over the entire region
shown in Fig. 2.7 is 0.153 mV, which is 0.295% of the maximum magnitude of Φm,
and the correlation coefficient is 0.9999, demonstrating that the asymptotic fiber
model faithfully reproduces quantitative and qualitative features of the analytical
solution.
2.1.7 Sources of Error in Validations of the Asymptotic Fiber Model
Sources of error are now considered for the validations of the asymptotic fiber model
presented in Secs. 2.1.5 and 2.1.6, with the goal of estimating error due to asymp-
totic separation alone. Five sources contribute to total error: truncation error of the
analytical solution, errors from solving longitudinal and transverse problems numeri-
cally, error from using finite extracellular space when solving the transverse problem,
and asymptotic separation of the 3D BVP into transverse and longitudinal problems.
Truncation error of the analytical solution is below 6 nV and can be ignored.
Next, the errors introduced by the numerical solution of the transverse problem
and the finite extracellular space are explored. As noted in Sec. 2.1.5, in the special
case of a uniform transverse field the asymptotic model introduces no approxima-
tions and the solutions represent exact potentials. Thus, the difference between the
mean-free transmembrane potentials computed numerically and from the analyti-
cal equation (Eq. 2.18c) reflects only two errors: solving the transverse problem
numerically and error from using finite extracellular space. The maximum RMSE
in transmembrane potential around the fiber circumference when a uniform field is
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Figure 2.7: Contour plot of difference (in mV) in steady state transmembrane
potential between asymptotic fiber model and analytical solution (Φ0m  Φm). Dif-
ference is shown in the range 3   z   7 mm and around the circumference of the
fiber ϕ  pi..pi, where ϕ  0 corresponds to the proximal side of the fiber relative
to electrodes, and ϕ  pi corresponds to the distal side of the fiber relative to the
electrodes. Position of cathode is marked with a.
applied is 0.175 mV. For the case of point electrodes, the largest differences between
asymptotic model steady state transmembrane potential Φ0m and analytical solution
Φm occur directly over the electrodes, thus, error at this longitudinal position is
compared to the uniform field case. The RMSE computed around the membrane
circumference under the cathode is 0.539 mV (1.04% of the maximum Φm), which
is approximately three-fold larger than 0.175 mV error due to numerical solution of
transverse problem and finite extracellular space.
Thus, combined errors of asymptotic separation and numerically solving the lon-
gitudinal problem would appear to contribute more to total error than errors from
numerical solution of transverse problem and finite extracellular space. An estimated
upper bound on error from numerically solving the longitudinal problem is 0.097 mV
for ∆z  31.25 µm used in validation simulations. Thus, while it is unknown ex-
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actly how various errors combine to produce total error, it does appear that error
of asymptotic separation is slightly larger, but on the same order of magnitude as
other errors present in the solution, and below 1% of the maximum transmembrane
potential.
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2.2 Model Alterations for Simulation of Electroporation-Mediated
Uptake
The primary objective is to simulate electroporation-mediated uptake of small molecules
in muscle tissue composed of individual cylindrical fibers. Emphasis is placed on
bringing the model as close as possible to actual experiments performed in muscle
tissue of small mammals. Therefore, several additions and modifications must be
made to the model and parameters in Sec. 2.1. First, electrical current from forma-
tion of electropores in the membrane, Iep, must be added to the membrane current
Im. Second, model parameters that are representative of electroporation-mediated
delivery in small mammals must be defined. These parameters include tissue geome-
try, tissue electrical properties, experimental setup, and pulsing protocol. Note that
the fiber is no longer in an infinite medium, but is now surrounded by many muscle
fibers in the tissue. Finally, additional equations must be derived for mass transport
of small molecules in the tissue and across the membrane so that uptake of molecules
can be simulated. Addition of electroporation current density Iep and model param-
eters are addressed in this section. Derivation of mass transport equations for the
small molecule is derived in the next section (Sec. 2.3).
First, addition of electroporation current density Iep to the membrane current
density Im is addressed. Im appears as Im in the matching conditions of transverse
problem in Sec. 2.1 (Eqs. 2.13c and 2.13d), and as Im in the longitudinal problem
(Eq. 2.15). Later in Sec. 2.1, the membrane current was defined for a passive
membrane (Eq. 2.17) as a function of LO total transmembrane potential (Φm 
φm   fm). Note that the LO superscript 0 has been dropped for convenience, and it
is the convention in the rest of the dissertation that the LO superscripts are implied
even if not explicitly shown. However, it is important to remember that all results
are based on a leading order equations. In this case, Im represents the linear leakage
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current density due to non-specific ionic flow through the membrane,
ImpΦmq  Φm  Vrest
Rm
, (2.27)
where the surface resistance Rm is constant, as shown in Fig. 2.8A. Electroporation
creates a parallel pathway with variable, nonlinear conductance, as shown in Fig.
2.8B. Therefore, electroporation current is accounted for by simply adding it to Eq.
2.27,
ImpΦmq  Φm  Vrest
Rm
  Iep. (2.28)
Iep is defined in terms of pore density Nep and current through a single pore iep,
Iep  Nepiep. (2.29)
The pore density is governed by a first order differential equation with nonlinear
dependence on Φm, as derived by Neu and Krassowska,
48
dNep
dt
 αepΦm{Vepq2

1  Nep
N0eqpΦm{Vepq
2


, (2.30)
where α is the rate constant of pore creation/destruction, Vep is the characteristic
voltage of electroporation, q is a dimensionless electroporation constant, andN0 is the
equilibrium pore density when Φm  0. The current through a single pore in Eq. 2.29
has been derived from the Nernst-Planck equation by previous researchers.54,100,101
The result is an expression for iep that is an instantaneous function of transmem-
brane potential, and takes into account Born energy barrier arising from charged
molecules traveling through electropores surrounded by the low permittivity space
of the membrane,100,101,102
iep  pir
2
mσpkBTU
he
eU  1
woewoUnUn
UpwoUnq
eU  woewo Un Un
Upwo Unq
, (2.31)
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where σp is the conductivity of aqueous solution in pores, rm is the radius of the
pore, h is the membrane thickness, wo is maximum of the nondimensional energy
barrier within a pore and n is the relative entrance length of a pore (as defined and
illustrated in Appendix C, Fig. C.2).54,100 Nondimensional transmembrane potential
is defined, assuming only monovalent ions exist |zm|  1,
U  zme
kBT
Φm, (2.32)
where e is elementary charge, kB is the Boltzmann constant, and T is temperature.
Note that for U  0 Eq. 2.31 is not defined, but using L’Hopital’s rule (or rederiving
assuming Φm  0), reveals that iep  0 for U  0. The only changes to the
implementation algorithm in Sec. 2.1.4 is that in step 1a the membrane current
Im is computed using Eq. 2.28 with Iep at the current time step, and between
steps 1c and 1d, Eq. 2.30 is approximated using the forward difference to find pore
density at t   ∆t for all positions on membrane. Furthermore, the pore density in
the membrane is initially set to zero. Finally, electroporation parameters are based
on experimental results using a uranyl modified black lipid membrane (BLM),54,100
with the exception that Vep is based on experiments using unfertilized sea urchin
eggs.54 Given that these parameters are not from muscle experiments, they create a
discrepancy that is discussed in Sec. 4.4.1.
The second alteration to the asymptotic fiber model is that parameters are up-
dated to be representative of electroporation-mediated delivery of small molecules
in the soleus, gastrocnemius, and tibialis cranialis muscles of rats and mice.29,31,32
The electric pulse is now delivered by finite-radius needle electrodes instead of point
electrodes, as shown in Fig. 2.10 (figure discussed in more detail in next paragraph).
Table 2.3 lists appropriate range of voltage magnitude (|V0|) for interelectrode dis-
tance d so that the quantity 2V0{d  400-1000 V/cm is representative of the range
used in the literature.21,31,32,103 In accordance with the electrical properties of mus-
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Figure 2.8: Electrical circuit representation of the phospholipid bilayer membrane
of a muscle fiber. The circuit diagram is used to display the electrical difference
between the membrane of a (A) passive and (B) electroporating fiber.
cle tissue, these needles are surrounded by an anisotropic homogeneous medium with
tissue transverse conductivity σy and longitudinal conductivity σz. To compute the
primary potential Ψ at the tissue level of the model, an analytical solution derived by
Liheng Guo and John and Wanda Krassowska Neu is used.75 The analytical solution
is derived from solving the elliptic equation throughout the tissue,
σy
B2Ψ
By2   σz
B2Ψ
Bz2  0, (2.33)
where the Dirichlet BC is applied on the needle surfaces and current density vanishes
at infinity (infinite medium), which results in
Ψ   |V0|
lnp2βq ln
W2W1
 , (2.34)
where β is a nondimensional parameter
β  EpC  Dq

1  
c
1  pC
2  D2q
4E2

, (2.35)
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and C, D, and E are parameters
C  Re?
σz
, (2.36a)
D  Re?
σy
, (2.36b)
E  d{2?
σz
. (2.36c)
Parameters W1 and W2 are dimensionless
W1  G EC  D

1  
d
1  C
2  D2
pG Eq2

, (2.37a)
W2  G  EC  D

1  
d
1  C
2  D2
pG  Eq2

, (2.37b)
and
G  Z  iY, (2.38a)
Z  z?
σz
, (2.38b)
Y  y?
σy
. (2.38c)
Note that Cartesian coordinate z is unchanged when expressed in cylindrical coordi-
nates of the individual fiber, while Cartesian coordinate y becomes ρ cosppi  ϕq   b
when expressed in cylindrical coordinates of the individual fiber. It is assumed that
tissue conductivities do not change in response to electroporation, which is addressed
in Secs. 2.4 and 3.3.4. Permittivity of tissue is neglected, given that only low fre-
quency pulses at 1 Hz are considered (Table 2.3).104 From the analytical solution of
Ψ, derivative analytical solutions are used to compute activating functions BrΨ{Bρ in
the transverse problem and B2 〈Ψ〉 {Bz2 in the longitudinal problem. The AFs are
defined in Eq. 2.24, and the functions BΨ{Bρ and B2Ψ{Bz2 are derived analytically
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from Eq. 2.34,
BΨ
Bρ   cosppi  ϕq
|V0|?
σy lnp2βqRe
#
iW2
C D
2
W22  CD2
 iW1C D
2
W21  CD2
+
, (2.39a)
B2Ψ
Bz2  
|V0|
σz lnp2βqRe
#
2W21pW21C W21D  C Dq
pW21C W21D C  Dq2
 C D
2
W21  CD2
 (2.39b)
 2W
2
2pW22C W22D  C Dq
pW22C W22D C  Dq2
 C D
2
W22  CD2
+ ,
where Re indicates taking the real part of the argument. For needles oriented in the
direction transverse to the direction of fibers, needed to produce the results in Sec.
3.3.1, the tissue space in Fig. 2.10 is rotated 90 and new coordinates are assigned, as
shown in Fig. 2.9. Cartesian coordinate zt is oriented along the length of the fibers,
and Cartesian coordinate yt is oriented between the electrodes and across the fibers,
and can be expressed in individual fiber cylindrical coordinates as ρ cosppi  ϕq   bt.
Note that bt is not the electrode-fiber distance, but rather, is simply the value in the
yp dimension that the fiber axis is at. In the transverse geometry in Fig. 2.9B, the
function BΨ{Bρ can be found from BΨ{Bz in the original longitudinal geometry in
Fig. 2.9A,
BΨ
Bρ   cosppi  ϕq
|V0|?
σy lnp2βqRe
#
Wt,2
Ct Dt
2
W2t,2  CtDt2
 Wt,1Ct Dt
2
W2t,1  CtDt2
+
,
(2.40)
where now the transverse and longitudinal conductivities are switched for all param-
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eters,
Ct  Re?
σy
, (2.41a)
Dt  Re?
σz
, (2.41b)
Et  d{2?
σy
, (2.41c)
Wt,1  Gt  EtCt   Dt

1  
d
1  C
2
t  D2t
pGt  Etq2

, (2.41d)
Wt,2  Gt   EtCt   Dt

1  
d
1  C
2
t  D2t
pGt   Etq2

, (2.41e)
Gt  Zt   iYt, (2.41f)
Zt  yt?
σy
, (2.41g)
Yt  zt?
σz
. (2.41h)
Similarly, the function B2Ψ{Bz2t for transverse geometry can be found from B2Ψ{By2
in the original longitudinal geometry, with transverse and longitudinal tissue con-
ductivities switched,
B2Ψ
Bz2t
  |V0|
σz lnp2βqRe
#
2W2t,2pW2t,2Ct  W2t,2Dt   Ct  Dtq
pW2t,2Ct  W2t,2Dt  Ct   Dtq2
 Ct Dt
2
W2t,2  CtDt2

 2W
2
t,1pW2t,1Ct  W2t,1Dt   Ct  Dtq
pW2t,1Ct  W2t,1Dt  Ct   Dtq2
 Ct Dt
2
W2t,1  CtDt2
+ .
(2.42)
Another alteration for simulation of electroporation-mediated uptake in muscle
tissue is that each fiber is no longer surrounded by an infinite medium, rather, it
is surrounded by neighboring fibers in the tissue. Despite the variation in fiber
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Figure 2.9: Longitudinal and transverse orientation of electrodes. All geometry is
to scale, except for the radius of the individual fibers, which is enlarged for clarity.
Tissue damage due to needles is ignored. Only one layer of fibers in the x-dimension
is shown, due to uniform voltage on the needles in the x-dimension. (A) Longitudinal
needle orientation, with entire tissue shown, and a bold fiber to illustrate electrode-
fiber distance b. (B) Transverse needle orientation, with entire tissue shown, and
new coordinates yt and zt are shown, with a bold fiber to illustrate an arbitrary fiber
at yt  bt. See Fig. 2.10 for more details on the tissue and electrode geometry.
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diameter and curvature of the fibers found in histological sections of tissue (Fig.
1.2), fibers in tissue are assumed to be structurally identical straight cylinders. These
simplifications are necessary for mathematical formulation. Thus, the structure of
the muscle tissue is assumed to be composed of individual fibers in a periodic lattice
(Fig. 2.10), and indeed, to produce tissue scale results in Secs. 3.2.3 and 3.3 fibers
are simply simulated at different distances from the electrodes. Consequently, the
extracellular boundary radius Rb (Fig. 2.10B) of a period fiber in the tissue lattice
is now set by the distance between fibers in the tissue. The fibers in the tissue are
considered a collection of independent fibers, thus, the Dirichlet boundary condition
on secondary potential φe  0 is applied on the boundary of each fiber at ρ  Rb.
(Fig. 2.10B). This assumption is based on periodicity and symmetry arguments,
and that the electric field generated by electrodes is approximately uniform on the
transverse space scale of thin fibers separated by very small distances (Table 2.3).
This assumption is less accurate for fibers that are very close to the electrodes, where
the field may change significantly even for a small change in distance from electrodes,
which is a weakness of the current version of the model.
Given that extracellular medium around each individual fiber is no longer infinite,
the longitudinal problem equation that includes the ratio of extracellular to intracel-
lular cross-sectional areas (γ) and ratio of extracellular to intracellular conductivities
(µ) must be used (Eq. 2.15 instead of Eq. 2.16). The no-flux boundary condition
in longitudinal direction on fm is still enforced on the ends of the fiber, given that
the length constant pγµq{pγµ 1qaaσiRm{2  1 mm, and the length from electrode
at z  2.5 mm to end of fiber at z  6.5 mm (13 mm fiber length for rat soleus
muscle) is 4 mm. This equation for length constant can be found from substituting
passive membrane dynamics for mean membrane current Im  pfm  Vrestq{Rm into
Eq. 2.15. The geometry of the model is shown in Fig. 2.10. Table 2.3 lists all param-
eters used in simulations of the electroporating fiber model. Note the interelectrode
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distance is the distance measured from membrane to membrane of adjacent fibers,
where a single fiber is assumed to have four neighbors. The equations and param-
eters presented in this section, along with the transverse and longitudinal problems
in the asymptotic fiber model (Secs. 2.1.2 and 2.1.3), are used in derivation of the
molecular uptake model (Sec. 2.3) and in the results (Chapter 3).
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Table 2.3: Parameters for simulating an electroporating fiber
Symbol Value Definition Source
Fiber, tissue, and electrode geometry and electrical properties
a 25.0 µm radius of fiber 105
h 5 nm thickness of membrane 57
Rb 25.5 µm extracellular boundary radius
(interfiber distance of 1 µm) 106
Lf 13 mm length of fiber
107
σi 5.5 mS/cm intracellular conductivity (cell level)
a 78
σe 24 mS/cm extracellular conductivity (cell level)
a 78
σz 6.7 mS/cm longitudinal conductivity (tissue level)
a 78
σy 0.40 mS/cm transverse conductivity (tissue level)
a 78
Rm 10 kΩ cm
2 membrane surface resistance 78
Cm 1 µF/cm
2 membrane surface capacitance 78
Vrest -89.1 mV resting transmembrane potential
78
H 0.5 cm thickness of muscle tissue 29,108,109
d 0.5 cm interelectrode distance 21,31
b 0.48 to 2.15 mm electrode-fiber distance N/A
Re .030 cm radius of needle electrodes
31,32,103
Numerical implementation
∆ρ a{20  1.25 µm discretization in ρ N/A
∆ϕ pi{32 rad discretization in ϕ N/A
∆z Lf{416  31.25 µm discretization in z N/A
∆t 1 ns to 0.1 ms discretization in t N/A
Pulsing Protocol
|V0| 100-250 Vc magnitude of voltage on electrodes 31,32,103
τp 100 µs pulse duration
31,32
N 8 number of pulses 29,31,32
Tp 1 s period of pulse train
29,31,32
Electroporation: pore creation and currentb
α 100 cm-2ms-1 rate constant 54
Vep 258 mV characteristic voltage of electroporation
54
N0 1.5x10
5 cm-2 equilibrium pore density when Φm  0 54
q 2.46 electroporation constant 54
rm 0.8 nm pore radius
54
σp 20 mS/cm conductivity of aqueous solution in pore
51
wo 2.65 dimensionless energy barrier in pore
54
n 0.15 relative entrance length of pore 54
T 310 K body temperature of small mammals 110
a σz and σy used to compute tissue macroscopic primary potential, σi and σe used at microscopic
fiber level
b Electroporation parameters validated with experiments on unfertilized sea urchin eggs54
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Figure 2.10: Geometry of muscle tissue and electrodes. All geometry is to scale,
except for the radius of the individual fibers, which is enlarged for clarity. (A) Entire
tissue is shown, with a bold fiber to illustrate electrode-fiber distance b. Only one
layer of fibers in the x-dimension is shown, due to uniform voltage on the needles in
the x-dimension. Tissue damage due to needles is ignored. (B) A zoomed in view
of panel A directly over the cathode, where now the z-dimension is pointing into
the page, and the fibers are viewed in cross sections taken at z   d
2
. This panel
highlights the relationship between cylindrical coordinates at the single-fiber level
and the Cartesian coordinates at the tissue level, and shows the geometry of fibers
along the shaft of the cathode in the x-dimension, where all results are uniform from
fiber to fiber.
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2.3 Derivation of Molecular Uptake Model
2.3.1 The Boundary Value Problem
The 3D spatiotemporal transport of small molecules in the intracellular and extra-
cellular regions for a muscle fiber (Fig. 2.11) is modeled using a conservation of mass
equation, which takes into account transport of the molecules due to diffusional and
electric field forces. In the conservation of mass equation it is assumed molecules are
not metabolized and the chemical reaction term is negligible,
Bci
Bt  ∇  tD∇ci  viciu in ρ   a, (2.43a)
Bce
Bt  ∇  tD∇ce  veceu in a   ρ   Rb, (2.43b)
where ci and ce are the respective intracellular and extracellular concentrations, D is
the diffusion coefficient in intracellular and extracellular regions, and vi and ve are
the velocities due to the field from electrodes in the intracellular and extracellular
regions. For molecules with molecular weight less than 1000 Da, the diffusion coeffi-
cient D does not vary between the intracellular and extracellular regions, so long as
only the extracellular space immediately adjacent to the membrane is considered (re-
moving macroscale tissue tortuosity effects).111,112,113 Velocities due to electric field
in Eqs. 2.43a and 2.43b are defined according to a modified version of the Einstein
equation,114
vi  D zme
kBT
∇Vi in ρ   a, (2.44a)
ve  D zme
kBT
∇Ve in a   ρ   Rb, (2.44b)
where zm is the net charge of the molecule, e is the elementary charge, kB is the
Boltzmann constant, T is the temperature, and Vi and Ve are the respective in-
tracellular and extracellular electric potentials. It is assumed that flux across the
membrane is only significant in the transverse direction, given that the total surface
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area of the end caps of the fiber is three orders of magnitudes smaller than the rest
of the membrane. Therefore, continuity of flux across the membrane boundary is
expressed in the form of Nernst-Planck equations,
D
"Bci
Bρ  
cizme
kBT
BVi
Bρ
*
 D
"Bce
Bρ  
cezme
kBT
BVe
Bρ
*
 jm on ρ  a, (2.45)
where jm is the molecular flux across the membrane.
Congruent with the derivation of the asymptotic fiber model in Sec. 2.1, the
membrane is assumed to be an infinitesimally thin boundary separating intracellular
and extracellular space. This assumption has merit given that the thickness of the
membrane is four orders of magnitude smaller than the radius in a typical muscle
fiber. The practical result is that the flux of molecules across the membrane, jm,
reacts instantaneously to temporal changes in ci, ce, and transmembrane potential
Φm (quasi-steady flow).
101,114 It is assumed there exists a Born energy barrier arising
from charged molecules traveling through electropores across the low permittivity
membrane.100,101,102 Under these assumptions, the flux across the membrane jm can
be expressed,
jm  Dm
h
cie
U  ce
woe
woUn  Un
Upwo  Unq e
U  woe
wo Un   Un
Upwo   Unq
, (2.46)
where Dm is the diffusion coefficient of the molecules in the aqueous electropores,
D0, multiplied by the porosity of the membrane,
115
Dm  D0
 
pir2mNep

, (2.47)
where rm is the radius of a pore and Nep is the density of pores in the membrane
(Sec. 2.2). U is the nondimensional transmembrane potential,
U  zme
kBT
Φm. (2.48)
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Figure 2.11: Single fiber geometry reference for derivation of uptake model. Ex-
tracellular boundary Rb is determined by the the interfiber distance, assuming pe-
riodicity in the tissue structure. Muscle fiber not drawn to scale to improve clarity
of features: in reality fiber radius is two or three orders of magnitude smaller than
fiber length.
Concentrations ci and ce in Eq. 2.46 are the intracellular and extracellular concen-
trations taken on the membrane boundary, constant wo is maximum nondimensional
Born energy barrier, and constant n is the relative entrance length of a pore.54,100
Note that for U  0 Eq. 2.46 is not defined, and an alternate equation must be used,
jm  Dm
h
ci  ce
2n
wo
ewo  2n
wo
  ewo  2newo
. (2.49)
Eqs. 2.46 and 2.49 are derived in Appendix C.
2.3.2 Reduction to Two-Compartment, 1D Longitudinal Diffusion Equations
The remainder of the derivation is performed assuming the use of a typical pulsing
protocol for delivery of small molecules in muscle tissue, as defined in Table 2.4.
It is assumed the molecule is monovalent, |zm|  1, and T  310 K is a typical
body temperature in mammals. The diffusion coefficient D  2.01 x 10-10 m2/s
is for a small molecule with molecular weight 400 Da. The diffusion coefficient is
estimated using the Stokes-Einstein equation assuming the molecule is spherical, and
that diffusion in the intracellular and extracellular space is three times smaller than
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in water alone.111,112,113,115 The number of pulses N is 8, and one pulse is applied
every one second, thus, period of pulses Tp  1 s. Finally, pulse duration τp is 100 µs,
and the maximum magnitude throughout entire tissue of the electric field generated
by electrodes ||E||8  10 kV/cm. For a typical needle electrode geometry and
pulse strength (interelectrode voltage divided by interelectrode distance) of 1 kV/cm
(Fig. 2.12A), this upper bound ||E||8  10 kV/cm is reasonable, as shown for the
distribution of |E| in Fig. 2.12B. These pulsing parameters are sufficient to simulate
actual electroporation experiments for delivery of small molecules.31,32,116,117,118
Table 2.4: Molecule and pulsing parameters in molecular uptake modela
Parameter Units Value
|zm| Unitless 1
D m2 s-1 2.01 x 10-10
T K 310
τp µs 100
||E||8 kV cm-1 10
N Unitless 8
Tp s 1
a Pulsing parameters match those in Table 2.3
It is recognized that there are two time scales for uptake: one over which transport
via electric field occurs, and one over which diffusion occurs. The electric field
transport is considered first. For a pulsing protocol using N pulses of duration τp,
the time scale which E generated by the electrodes is nonzero is the product Nτp.
The time scale for diffusion is a little more complex. Uptake via diffusion only occurs
on the time scale that pores exist in the membrane, determined from time scale of
pore resealing τep. For a single pulse, τep is found from the pore creation and resealing
equation, repeated here from Sec. 2.2 for convenience,
dNep
dt
 αepΦm{Vepq2

1  N
N0eqpΦm{Vepq
2


. (2.50)
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The time scale of Eq. 2.50 is τep,
τep  N0
α
epq1qpΦm{Vepq
2

Φm0
 1.5 s. (2.51)
Eq. 2.51 is evaluated using parameters in Table 2.3 and assuming Φm  0 is a
constant, given that Φm discharges with maximum time scale RmCm  10 ms, two
orders of magnitude smaller than the minimum value for τep (1.5 s). Given τep  1.5
s is four orders of magnitude larger than pulse duration τp, the time scale pores exist
in the membrane during a single pulse is approximated as 1.5 s. The accuracy of
τep  1.5 s time scale of pore existence is confirmed for a single pulse in Fig. 2.13A.
Sec. 4.4.1 compares the 1.5 s time scale of pore resealing found here to experimental
results. For pulse trains, this time scale of 1.5 s only applies to the final pulse in
the train. For the pulses in between, for period Tp  1 s, the time scale pores are
open is effectively τep  Tp  1 s. In other words, multiple pulses effectively increase
the time scale pores are open from τep  1.5 s to tpN  1qTp   τepu  8.5 s, as
illustrated for pore density taken at a single position on the membrane in Fig. 2.13.
This behavior over multiple pulses has also been observed in other studies.55 In Fig.
2.13B, at 8.5 s, pore density Nep  2.83x1013 m-2 is within 4% of the expected value
from exponential decay, 2.94x1013 m-2, indicating 8.5 s is a good estimate of the time
scale pores are open.
Thus, there are two time scales: Nτp  800 µs for transport via electric field and
tpN  1qTp   τepu  8.5 s for transport via diffusion. From these two time scales,
two length scales are defined: the length scale due to mass transport via electric field
(Le), and the length scale due to mass transport via diffusion (Ld),
56,119
Le 

D|zm|e
kBT
||E||8


Nτp, (2.52a)
Ld 
b
6D tpN  1qTp   τepu. (2.52b)
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Using Eqs. 2.51 and 2.52, as well as parameters in Table 2.4, Le  6.01 µm and
Ld  101 µm. Two assumptions are made from analyzing these length scales. First,
the fiber radius and thickness of the extracellular space are only 25 µm and 0.5
µm, respectively, compared to Ld  101 µm. Therefore, it is assumed that trans-
verse molecular concentration in the intracellular and extracellular spaces may be
approximated reasonably well by the “well-mixed” condition. Under this assump-
tion, intracellular and extracellular molecular concentrations cipρ, ϕ, zq and cepρ, ϕ, zq
are considered functions of z only, cipzq and cepzq, given transport has had time to
spread out the concentration uniformly in the transverse direction. Second, length
scale of transport via electric field is 6% of the length scale of diffusion, where this
percentage is even smaller for measuring transport on the entire tissue level, given
that the maximum value of |E| was used in calculating Le. Thus, transport via
electric field is assumed to have negligible impact on molecular concentration. Note
that effect of electric field is still allowed to remain in the membrane flux equation
(Eq. 2.46) via the scaled transmembrane potential U .
Two-compartment, 1D longitudinal diffusion equations are now derived by con-
sidering a short length of fiber shown in Fig. 2.14. The two assumptions above are
introduced into the derivation at the appropriate steps. First, the divergence theorem
is applied to the conservation of mass equations (Eqs. 2.43a and 2.43b) for the short
length of fiber that is ∆z long with intracellular volume vi and extracellular volume
ve. Using the divergence theorem, the temporal change in intracellular molecules is
related to the flow of molecules across boundaries M , Ei,1, and Ei,2. Likewise, the
temporal change in extracellular molecules is related to flow of molecules across the
boundaries M , B, Ee,1, and Ee,2. Neglecting transport via electric field, the resulting
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equations are found,»
vi
Bci
Bt dv  
»
M
jmds D
»
Ei,2
Bci
Bz ds
»
Ei,1
Bci
Bz ds

, (2.53a)
»
ve
Bce
Bt dv 
»
M
jmds D
»
Ee,2
Bce
Bz ds
»
Ee,1
Bce
Bz ds 
»
B
Bce
Bρ ds

. (2.53b)
An additional assumption is added that in the extracellular region the flux normal
to the extracellular boundary B in Fig. 2.14 is zero, i.e., the last term on the right
side of Eq. 2.53b is zero. This assumption is made based on the model of muscle
fibers being packed tightly in a periodic structure (Sec. 2.2), so that the dynamics of
electroporation and the resulting uptake of molecules are very similar from one fiber
to its adjacent neighbors in the tissue. If each fiber behaves similarly to its neigh-
bors, then the no-flux boundary condition on boundary B is valid. Assuming that
concentration is uniform in the transverse direction in intracellular and extracellular
spaces (“well-mixed” condition), and taking the limit as ∆z approaches zero, Eq.
2.53 is simplified,
Bci
Bt  D
B2ci
Bz2 
2
a
jm, (2.54a)
Bce
Bt  D
B2ce
Bz2  
2a
R2b  a2
jm. (2.54b)
Eq. 2.54 is the two-compartment, 1D longitudinal diffusion problem with flux on the
membrane jm connecting the intracellular and extracellular compartments, where jm
is the circumferential average of membrane flux,
jm  1
2pi
» 2pi
0
jm dϕ. (2.55)
A detailed derivation of 2.54 is supplied in Appendix D.
60
Figure 2.14: Short length of fiber used to derive 1D molecular uptake equation (Eq.
2.54). Short length of fiber is ∆z, that has intracellular and extracellular volumes vi
and ve. The boundaries of the short length of fiber are membrane M , end caps Ei,1
to Ee,2, and extracellular boundary B. The quantity Rb  a is one-half the distance
between muscle fibers. No-flux boundary condition is applied on boundary B, and
membrane flux jm is applied on boundary M .
2.3.3 Reduction to a Series of Longitudinally Independent, Two-Compartment Equa-
tions
In this section, two simplifications are made to Eq. 2.54, and both are justi-
fied by simulations. The first simplification is removal of longitudinal diffusion,
i.e., the first terms on right side of Eqs. 2.54a and 2.54b. To justify removing
longitudinal diffusion, the equations are simulated using student version of soft-
ware package FlexPDE, version 5.1.0s, freely available from PDE Solutions Inc.
(http://www.pdesolutions.com/). Concentrations are reported relative to initial ex-
tracellular concentration c0, so choice of c0 is arbitrary. The values of U and Dm in
the membrane flux equations (Eqs. 2.46 and 2.49) are calculated by importing time-
dependent longitudinal profiles of Φm and Nep from simulations of the asymptotic
fiber model. Parameters used in FlexPDE and asymptotic fiber model simulations
are given in Tables 2.3 and 2.4. Φm and Nep are produced using several different
electrode-fiber distances to show the effects of longitudinal diffusion for different
fibers in the muscle tissue. Uptake results are reported in Fig. 2.15. Effects from ne-
glecting longitudinal diffusion appear very small in the uptake profile shown in panel
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A, where the primary differences occur where the magnitude of Bci{Bz is large. The
model including longitudinal diffusion shows smoother uptake profile, but the model
without longitudinal diffusion exhibits a more “jagged” profile. Note that maximum
uptake in the fiber at b  0.48 mm is spread over a more narrow region than the
fiber at b  0.72 mm, which is initially contradictory given the fiber at b  0.48 mm
is closer to the electrodes. However, electrode-fiber distance is not the only consider-
ation, and the geometry must also be considered. The electric field produced by the
electrodes is mostly in the transverse direction over a larger length of fiber that is far
from the electrodes, relative to a fiber close to the electrodes. Thus, while the fiber
at b  0.72 mm is further from electrodes, the transverse component of the electric
field does not decay as much in the longitudinal direction, and is able to charge and
electroporate the membrane over a larger length of fiber.
In Fig. 2.15B, the relative root-mean-square error is reported, calculated from
the node-by-node error in predicting intracellular concentration. The error from
neglecting longitudinal diffusion is largest for the fiber closest to the electrodes, and
decreases as electrode-fiber distance increases. Node-by-node error remains below
3% (Panel B), although it continues to increase beyond 20 s because diffusion in z
continues to occur even after pores reseal and no further uptake occurs. However, for
the purposes of molecules being transported to the nuclei of muscle fibers, crossing
the membrane barrier is the critical step. It is assumed that once the molecules are in
the fiber, given long enough time, they will diffuse to a nucleus, given the high density
of 35 to 77 nuclei/mm along the length of the fiber.120 Therefore, the most important
metric of neglecting longitudinal diffusion is error in total uptake within the entire
intracellular space, which is always below 0.12% (Panel C). Therefore, longitudinal
diffusion is assumed negligible for modeling molecular uptake for pulsing protocol
in Table 2.4, and Eq. 2.54 is reduced to a series of longitudinally independent,
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two-compartment equations solved independently for each position in z,
Bci
Bt  
2
a
jm, (2.56a)
Bce
Bt 
2a
R2b  a2
jm. (2.56b)
In the simulations presented in Fig. 2.15, and for simulations of uptake in the
dissertation as a whole, it is assumed that initially the extracellular concentration ce
is uniform with value equal to c0, and intracellular concentration ci is uniformly zero.
Assuming initial intracellular concentration implies that the molecule does not cross
the membrane at rest, which is almost always the case for electroporation-mediated
delivery. Assuming initial uniform extracellular concentration of molecule is more
disputable. This simplification is justified in Appendix E. Briefly, the length scale of
diffusion in the interstitial space associated with the time before the pulse is turned on
is 155 µm, as shown in Appendix E. It is assumed each fiber has at least one capillary
running parallel to it, which is justified by the significant vascularization shown in
Fig. 1.2C and in the literature.20,121 Assuming at least one capillary running parallel
to each fiber, the transport in the interstitial space is in the transverse direction only.
The maximum length scale in the transverse direction with interfiber distance of 1
µm is the circumference of the extracellular boundary around each fiber: 160 µm.
With a diffusion distance of 155 µm, and maximal interstitial length scale of 160 µm,
assuming uniform interstitial concentration immediately before the pulse is turned
on is expected to be fairly accurate. However, a global pharmacokinetic analysis of
the molecule’s transport in the entire body, as well as microscale models of mass
transport across all blood vessels and within the interstitial space would need to be
developed in order to fully justify this assumption.
The second simplification to Eq. 2.54 is removal of transport via electric field
in the membrane flux jm (Eq. 2.46). Equation 2.56 is used to simulate uptake
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in conjunction with the asymptotic fiber model for two values of pulse strength,
2|V0|{d  400, 1000 V/cm, and several different electrode-fiber distances in the range
b  0.48..2.5 mm. Two different versions of the model are run: one including trans-
port via electric field in jm, and one excluding it. The profiles of intracellular con-
centration in panels (A) and (B) of Fig. 2.16 indicate that electric field transport
is generally not the dominant force in molecular uptake, but, electric field transport
does play a larger role for larger electrode-fiber distances. This trend is also found in
total uptake in the entire fiber, where error between the two models increases with
increasing electrode-fiber distance, until there is zero total uptake in the fiber (panel
C). Transport via the electric field is more important for pulse strength of 400 V/cm
compared to 1000 V/cm, given that smaller pulse strengths produce fewer pores,
and the electric field driving molecules through each pore becomes more important.
Although relative error from neglecting the electric field reaches just over 50% for
fibers far from the electrodes, panels A and B reveal much lower total uptake for
these distant fibers. Therefore, on a total tissue level, the effect of neglecting the
electric field is at most 2.5% (panel D). The transport via the electric field is removed
from the membrane flux jm, and the final two-compartment uptake equations, with
Eq. 2.49 substituted for jm in Eq. 2.56, and Eq. 2.47 substituted for Dm in Eq. 2.49
are found,
Bci
Bt 
2
a
#
D0pir
2
m{h
2n
wo
ewo  2n
wo
  ewo  2newo
+
pce  ciqNep, (2.57a)
Bce
Bt 
2a
R2b  a2
#
D0pir
2
m{h
2n
wo
ewo  2n
wo
  ewo  2newo
+
pci  ceqNep. (2.57b)
Eq. 2.57 is solved independently for every position in z along the length of the fiber.
For every position in z along the fiber, the steady state value of intracellular
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concentration is ci,ss,
ci,ss  co γ
γ   1 , (2.58)
where co is the initial concentration of molecules in extracellular space and γ is the
ratio of extracellular to intracellular cross-sectional areas (as in Sec. 2.1.3). At
the steady state value ci,ss, there is no further uptake of molecule in time. Uptake
results in Chapter 3 normalize concentration to ci,ss. In general, choice of initial
extracellular concentration co is arbitrary, given that the time scale of uptake is not
dependent on co, and that ci and ce can be reported relative to co or ci,ss. This
generalization can be seen by expressing Eq. 2.57a in terms of only ci, which can
be done by expressing ce in terms of ci through conservation of molecules between
the intracellular and extracellular compartments. However, in Sec. 3.3.2 the uptake
ratio requires a specific choice of co because results are compared to experiments.
In these experiments, a radiolabelled molecule is injected into the blood stream of
a rat. In this case, co is estimated as an upper bound: the initial concentration
injected into the blood stream (2.08x109 molecules/mm3)31 scaled by the ratio of
volume of solution injected (300 mm3) to estimated blood volume of the rat (13986
mm3). Thus, the upper bound on concentration co in the extracellular space of
muscle is the concentration in the bloodstream alone (concentration if all molecules
stay within bloodstream): 4.46x107 molecules/mm3. The aforementioned estimated
blood volume of the rat is determined from an empirical formula based on body
weight,122 where body weight is 220 g, well within the range of body weights for rats
used in uptake of small molecules in Grafstrom et al.31
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Figure 2.16: Effect of electric field in membrane flux on molecular uptake. (A)
Longitudinal profile of intracellular molecular concentration relative to initial extra-
cellular concentration, ci{c0, for pulse strength 2|V0|{d  400 V/cm, which is the
smallest pulse considered in this study. Profiles are shown for both model including
electric field in membrane flux and model excluding it, and all profiles are taken
after pores have resealed and molecules are no longer crossing the membrane. Two
different electrode-fiber distances (b values) are shown. (B) Longitudinal profile of
intracellular concentration for modeling including and excluding electric field trans-
port, similar to panel A except pulse strength is the largest considered in this study,
2|V0|{d  1000 V/cm. Note that also a different value of b is used for the fiber
further from electrodes. (C) Relative error from neglecting electric field transport
in total number of molecules in entire fiber, calculated by integrating ci along z-
dimension for each model, then calculating relative error. (D) Relative error from
neglecting electric field transport in total number of intracellular molecules in entire
tissue, calculated by integrating ci over z (along length of fiber) and y (for differ-
ent electrode-fiber distances) dimensions for each model, then calculating relative
error. Values for y (the electrode-fiber distances) that were used are indicated by
the b-values of the data point circles in panel C.
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2.4 Effect of Electroporation on Tissue Conductivities
A major assumption used in computing primary potential Ψ, and the activating
functions used in the longitudinal and transverse problems (Secs. 2.1.2 and 2.1.3), is
that the tissue conductivities do not change in response to electroporation. However,
there are numerous computational and experimental studies that report both longi-
tudinal and transverse conductivities increase by a factor between two and four in
electroporating regions of muscle tissue.76,103,123,124 Accounting for changing tissue
conductivities dynamically as the electroporation process occurs is outside the scope
of the current study, and is discussed as a future direction in Sec. 4.4.7. Nevertheless,
given that electroporation has been shown to change tissue level conductivities, an
estimate of the error from assuming spatially and temporally uniform conductivities
in the asymptotic electroporating fiber model is considered in this body of research.
To estimate error, two criteria are defined. First, the region of tissue that expe-
riences a change in conductivities is defined. The region of elevated conductivities is
shown in Fig. 2.17, and is defined as an ellipse centered midway between anode and
cathode, with minor radius five-fold larger than needle radius (5Re, see Table 2.3),
and major radius the sum of half the interelectrode distance and 5Re (d{2   5Re).
Compared to a previous study by Sel et al. using similar pulsing protocol in liver
tissue, the elliptic region of elevated conductivities approximates the region of tissue
that achieves threshold value of electric field magnitude |E| for reversible electropo-
ration.125 In Sel et al., the region that achieves threshold value of |E| is validated
in experiments by observing the region of tissue with altered nuclei from uptake
of bleomycin. For slightly different electrode setup using six needle electrodes in
muscle tissue, a similar size of tissue region is observed that obtains threshold |E|
for electropermeabilization.30 In approximating the region of electropermeabiliza-
tion reported in literature, it is chosen to err on the side of making the region too
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Figure 2.17: Contour plot of nonuniform tissue conductivities in electroporating
tissue. Only the top half of the tissue is shown, given symmetry about y  0. Posi-
tions of anode and cathode are marked in the tissue space by plus and minus symbols
enclosed by semicircles, respectively. Contour plots are shown for the transverse (A)
and longitudinal (B) conductivities.
large rather than to small, with the intent of finding an upper bound on the error
introduced from assuming spatially uniform conductivities. Furthermore, temporal
evolution of this region of elevated conductivities is ignored for simplicity. Note that
this analysis assumes a 2D model, where variations in tissue conductivity in the
x-dimension are ignored, which is an assumption that is discussed in Sec. 4.4.7.
The second criterion defined is the change in tissue conductivity in the region of
tissue where electroporation is occurring. Again, a simplified rule is chosen here. It
is assumed that inside the region of elevated conductivity, both transverse and longi-
tudinal conductivities increase to maximum possible values, and outside the regions
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conductivities remain at rest values, as shown in Fig. 2.17. The maximum values are
based on the work of Corovic et al.126 in skeletal muscle of small mammals. Briefly,
the method they used was to first define a functional form for tissue conductivity
versus electric field. In this case, a sigmoidal function is used,
σpEq  σ1  σ0
1  Ds exppp|E|  Aq{Bq   σ0, (2.59)
where σ1 is the maximal conductivity, σ0 is conductivity of nonpermeabilized tissue,
Ds is a sigmoid function parameter, |E| is the magnitude of the electric field, and
parameters A and B depend on the reversible and irreversible electroporation field
strengths.29,125 Next, a sequential model consisting of a series of static finite element
models of the tissue with electrodes in it is built, and the 3D version of the elliptic
equation (Eq. 2.33) is solved in the volume space. In each step of the model, the
the local conductivity changes in response to the local electric field according to Eq.
2.59. The sequential finite element model is simulated until the solution stabilizes.
Parameters in Eq. 2.59 are chosen by matching current measured in the model to
current measured in experiments in tissue of small mammals. Corovic et al. found
that maximal values of both transverse and longitudinal conductivities are a factor
of 2.5 larger than resting values,126 which is the criterion used in this study.
Having defined the criteria for the region of tissue that experiences an increase in
conductivities and the rule that governs how they increase, a finite element model is
developed using FlexPDE Student Version 5.1.0s. The elliptic equation is solved for
primary potential Ψ (Eq. 2.33), using the Dirichlet boundary condition on the needle
electrode surfaces, and the no-flux boundary condition on the edge of the tissue space.
One version of the program is simulated assuming uniform conductivities and the
other version assigns 2.5 times larger conductivities in the defined electroporating
regions. The transverse and longitudinal activating functions BrΨ{Bρ and B2 〈Ψ〉 {Bz2
(Secs. 2.1.2 and 2.1.3) are then found from the numerical solution of Ψ using both
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versions of the model. The AFs from both versions of the model are then used
in simulations of the asymptotic electroporating fiber model to compare molecular
uptake between the two versions. Results of this analysis are given in Sec. 3.3.4.
Note that the original definition of the AF by Rattay is broad enough to include
numerical solutions in addition to traditional analytical solutions.61
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3Results
3.1 Passive Versus Electroporating Fiber Close to the Electrodes
The dynamic interaction between transverse and longitudinal currents in a single,
cylindrical fiber, and their role in membrane charging, electroporation, and molecu-
lar uptake, is examined. Results from passive fiber simulations are used as a frame-
work to understand the more complex electroporating fiber, given the behavior of
the passive fiber is well documented.67,71,127,128 Finally, the effect of excluding the
longitudinal component is examined, given this component has traditionally been
excluded from models of electroporation in muscle tissue.29,57,59,103
Simulation results are shown for a fiber 0.48 mm from the center of the needle
electrodes (b  0.48 mm in Fig. 2.10), with |V0|  200 V (2|V0|{d  800 V/cm). See
Table 2.3 for remaining simulation parameters. Results are shown only for the first
pulse in the eight-pulse train, and are qualitatively representative of all the following
pulses in the eight-pulse train, which has also been observed in other studies.55 This
similarity between pulses occurs because the period of the pulse is (Tp  1s) and the
longest time scale for membrane charging in the asymptotic model is RmCm  10
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ms, so there is ample time for potential distribution and transmembrane potentials
to return to very near resting state between pulses. Thus, charging of the membrane
via transverse and longitudinal currents repeats from pulse to pulse. However, the
time scale of pore creation/resealing (τep  1.5 s, Sec. 2.3.2) is on the order of the 1
s period of the pulse, which means pore density distribution at the start of the pulse
may vary between the pulses, as shown for two locations on the fiber in Fig. 3.1.
Larger initial membrane conductivity for subsequent pulses means that charging and
further electroporation of the membrane in subsequent pulses is less extensive, and
these subsequent pore density “spikes” are smaller versions of the first pulse. Yet,
the key point is that the ratio of pore density between different locations on the fiber
remains constant in time. For the first pulse, the ratio of maximum magnitudes is
2.2, for the second to eighth pulse, the ratio is 1.8. Thus, the uniform time constant
for pore resealing, τep  1.5 s, ensures that the relative contribution of pores between
different locations on the membrane remains within approximately 8% of the first
pulse.
Figure 3.2A - 3.2C shows transverse behavior of potential distribution and trans-
membrane potential distribution for both a passive and electroporating fiber, at
the position of the cathode, z   d{2  2.5 mm (Fig. 2.10A). In addition,
pore density distribution is shown for the electroporating fiber in panel D. Time
instants are chosen based on the temporal separation of the BVP (Sec. 2.1.1), where
t  10aCm{σi  4.5 µs is ten-fold larger than the time scale of the transverse prob-
lem. Time instant t  100 µs is the typical pulse duration used for delivery of small
molecules (Table 2.4), and is two orders of magnitude smaller than the time scale of
the longitudinal problem RmCm  10 ms.
At t  0 , the instant the electrodes acquire the command voltage, potential
distribution for both passive and electroporating fibers are identical. Figure 3.2A
reveals there is very little jump in potential across the membrane boundary. The
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Figure 3.1: Pore density versus time at different locations on membrane, using 8
pulses with period 1 s. Pore density is shown at the longitudinal position directly
over the cathode (z  2.5 mm) and at 1 mm away from cathode (z  3.5 mm). Both
curves are shown at the most proximal side of the fiber, i.e., ϕ  0.
intracellular and extracellular spaces are slightly distinguishable due to the relatively
small resting potential Vrest  89.1 mV, and the difference between intracellular
and extracellular conductivities. The sign of potential is negative everywhere given
that the cross section is taken over the cathode, but potential is more negative on
the proximal side of the fiber near the cathode, and is less negative on the distal side
opposite the cathode. Fig. 3.2B and 3.2C confirms that transmembrane potential
is negligible at t  0 , with only a small negative value due to the negative resting
potential of muscle fibers. This behavior at t  0  is understood physically to be a
consequence of the high frequency harmonics involved in the instantaneous rise time
of a square pulse, bringing the effective impedance of the membrane close to zero.
Thus, the medium is immediately biased by the external field.
As time progresses, the passive and electroporating fiber begin to look different.
In the passive fiber, transverse currents charge the membrane after the the high fre-
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Figure 3.2: Distribution of potential (Vi and Ve), transmembrane potential (Φm),
and pore density (Nep) in transverse cross section of fiber directly over cathode
(z   2.5 mm) at three time instants. t  0  is instant the pulse is turned on,
t  4.5 µs is ten-fold larger than time scale of the transverse problem, and t  100
µs is the pulse duration. (A) Potential distribution for passive and electroporating
fiber over entire fiber and extracellular space cross section, with geometry shown on
the left. (B) Transmembrane potential distribution for passive fiber as function of
angle around fiber, as shown on left. (C)-(D) Transmembrane potential and pore
density distribution for electroporating fiber as function of angle around fiber.
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quency harmonics introduced by turning on the pulse have faded, and the membrane
impedance equals the large membrane surface resistance Rm. In Fig. 3.2A at 4.5
µs, ten-fold larger than the time scale of the transverse problem, the intracellular
currents in the transverse direction have finished charging the membrane, and the
intracellular distribution of potential is uniform. Thus, the intracellular space is no
longer subject to the transverse component of the field set up by the electrodes.
As a consequence of membrane charging, transmembrane potential has developed,
as shown in Fig. 3.2B. The proximal side of the fiber has positive transmembrane
potential, while the distal side is negative. Transmembrane potential is symmetric
about ϕ  0, due to the geometry and uniform voltage along the shaft of the needle,
as shown in Fig. 2.10B. However, magnitude is slightly greater on the proximal side
of the fiber than the distal side, due to the higher density of transverse current from
electrodes on the proximal side. The currents charging the membrane are illustrated
in Fig. 3.3A, which shows the isopotential lines and current density in the intra-
cellular space directly over the cathode. At t  0 , these currents set up by the
electrodes are illustrated, and they charge the membrane on the time scale of 0.45
µs. Fig. 3.3A reveals that the flow of positive charge is pointing down towards the
negative cathode, and that current density is nearly uniform because the radius of the
fiber is very small. Fig. 3.3B illustrates that the major component of the current is
in the transverse direction at t  0 , with only a small component in the longitudinal
direction. Due to charging from these primarily transverse currents, the membrane
dielectric becomes polarized, and transmembrane potential develops. At t  4.5 µs,
for the passive fiber, the membrane is fully charged by these transverse currents,
and distribution of potential in the intracellular space is nearly uniform (Fig. 3.3A).
However, this panel also reveals there is current flow out of the intracellular space
from the fiber axis radially outward to all positions on membrane, which is from
the divergence of the longitudinal current flowing into, and out of, each transverse
76
slice (Fig. 3.3B). This outward current has no mean-free component (entirely mean
current) when averaged over the intracellular cross sectional area.
On the other hand, at the same time instant t  4.5 µs, the electroporating fiber
has drastically increased membrane conductance due to pore creation, and therefore
is not isolated from the external field like the passive fiber is, as shown in Fig. 3.2A
at t  4.5 µs. Comparing potential distribution at t  0  and t  4.5 µs in Fig.
3.2A, the field in the intracellular space is relatively close to the field set up by
the electrodes. Figure 3.2C reveals that maximum magnitude of transmembrane
potential is approximately 1 V, whereas the passive fiber is five-fold higher. The
regions of suppressed transmembrane potential near ϕ  0 and ϕ  pi not seen
in the passive fiber are a consequence of a significant increase in pore density in
these regions (panel D), where electropores shunts extracellular current across the
membrane, discharging the membrane. The relatively large current density in the
electroporating fiber is evidenced by comparing the average current density to the
passive fiber in Fig. 3.3A. Fig. 3.3A also illustrates this mechanism, which shows
current flowing across the fiber from distal to proximal sides of the membrane, due
to large increase in membrane conductance from the high density of pores at ϕ  0
and ϕ  pi in Fig. 3.2D. This increase in conductance shunts transverse current in
Fig. 3.3A across the membrane rather than charging it, as evidenced by the small
magnitude of transmembrane potential, relative to the passive fiber. Fig. 3.3B at
4.5 µs reveals there is still a small longitudinal component to the current that also
existed at t  0 , yet any difference between current entering and exiting a transverse
section of fiber simply flows through the pores across the membrane. As a result,
the potential and current density distribution in Figs. 3.3A and 3.3B at t  4.5 µs
look very similar to t  0 .
At t  100 µs, which is the duration of the pulse, the passive fiber membrane
impedance is still large due to large Rm, and the intracellular space is still electri-
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Figure 3.3: Current density and potential distribution in intracellular space over
the cathode. Magnitude and direction of current density arrows is to scale within
a single cross section, but is not comparable between different cross-sections. (A)
Current density directly over the cathode in transverse cross section for passive and
electroporating fiber at three time instants. Numerical value of the transmembrane
potential (from Fig. 3.2) is given at the most proximal and distal locations on the
membrane. Average current density is shown below each plot in parentheses. (B)
Current density in the vicinity of the cathode in longitudinal cross section for passive
and electroporating fiber at three time instants.
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cally isolated. However, now it is the longitudinal currents that control membrane
polarization. As shown in Fig. 3.2A, there is a significant increase in the mean intra-
cellular potential, which is due to the divergence in longitudinal currents charging the
membrane over the position of the cathode. This increase in intracellular potential
causes a drastic increase in mean transmembrane potential: nearly three-fold larger
than maximum amplitude at 4.5 µs (panel B). The longitudinal currents that charge
the membrane are illustrated in Fig. 3.3B, for the part of the fiber over the cathode
at z  2.5 mm. On the proximal side, the longitudinal currents simply increase
the transmembrane potential, as evidenced by the jump in transmembrane potential
from 7.2 V at 4.5 µs to 21 V at 100 µs (Fig. 3.3A). Yet, on the distal side, the
longitudinal currents initially discharged the membrane before beginning to charge
it again, evidenced by the change in transmembrane potential from -5.6 V at 4.5 µs
to 8.3 V at 100 µs.
The electroporating fiber exhibits qualitatively different behavior than the pas-
sive fiber, namely, the intracellular potential remains virtually the same between
t  4.5 µs and t  100 µs in Fig. 3.2A. There is a small, but noticeable decrease in
transmembrane potential near pi{2 (panel C), and a corresponding small increase
in pore density (panel D), but the evolution is not nearly as dramatic as the passive
fiber suggests. Indeed, there is only a 3.2% increase in total number of pores over
the entire fiber from 4.5 to 100 µs, whereas the root-mean-square change in trans-
membrane potential of the passive fiber is 307% from 4.5 to 100 µs. Given that pore
creation is very sensitive to transmembrane potential (Eq. 2.30), the passive fiber
suggests a significantly greater increase in number of pores than 3.2%. However, in
the electroporating fiber, no further charging of the membrane can occur, because
current has essentially been shorted across the membrane due to large local pore den-
sity induced on the short time scale of transverse charging. Thus, electroporation on
the fast time scale of transverse polarization drastically increases the conductance,
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and the pores remain open with a time scale on the order of one second (Sec. 2.3.2).
This lingering increase in conductance largely precludes any additional membrane
charging and electroporation for the remainder of the 100 µs pulse. As a result, po-
tential and current density distribution are virtually constant between 4.5 and 100
µs in Figs. 3.3A and 3.3B.
While electroporation on the time scale of membrane charging via transverse
current dominates pore density for the region of fiber directly over the cathode, it is
still unclear if it dominates for all longitudinal positions along the fiber. Fig. 3.4A
shows the circumferential average pore density at time instants 4.5 and 100 µs as a
function of longitudinal position. As with the pore density over the cathode in Fig.
3.2D, there is very little relative change in pore density from 4.5 to 100 µs for most
of the fiber, thus, pore density for most of the fiber is dominated by the transverse
current charging the membrane. However, near 0 mm and 6.5 mm, indicated by
arrows in Fig. 3.4A, pore density increases several orders of magnitude from 4.5
and 100 µs. To determine if transverse or longitudinal behavior is responsible for
these localized increases in pore density, derivatives with respect to z are artificially
removed from Eq. 2.15 in the longitudinal problem (Sec. 2.1.3). The resulting
system is the transverse problem (Sec. 2.1.2) and the longitudinal problem with
only the mean membrane current Im (longitudinal diffusion term and AF removed),
i.e.,
Cm
Bfm
Bt  Im. (3.1)
In the full model, the mean membrane current Im is a combination of the longitudinal
and transverse effects, but in the absence of the longitudinal diffusion and AF terms,
Im is only affected by the mean component of the transverse currents, which is the
case in Eq. 3.1. The pore density distribution, as a result of artificially removing
longitudinal diffusion and AF, is shown in Fig. 3.4B. Here, the evolution of average
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pore density is very similar in the range z=-6..6 mm, yet near 6.5 mm at the ends
of the fiber, the four order magnitude increase in pore density is not seen. Thus, this
increase in pore density at the ends of the fiber is due to polarization of the mem-
brane from longitudinal terms, but the increase at z  0 mm is from only transverse
effects. Given that molecular uptake is proportional to the circumferential mean of
the pore density (Eq. 2.57 in Sec. 2.3.3), uptake in Fig. 3.4C exhibits the same
qualitative behavior as pore density in Figs. 3.4A and 3.4B. The uptake at 6.5 mm
is larger in the full model (arrows), compared to the model that neglects longitudinal
terms. Ultimately, the increase in uptake near 6.5 mm due to longitudinal currents
increases total uptake in the entire fiber by only 0.91%. However, it is these longitu-
dinal currents that are neglected in previously published models, so further details
of the mechanisms behind the enhancement in uptake from electroporation caused
by longitudinal diffusion and AF terms are examined more closely in Sec. 3.2.
3.2 Importance of Longitudinal AF at Fiber and Tissue Levels
It is clear from Chapter 3.1 that relative to the passive fiber, the electroporating
fiber is largely governed by the transverse currents, given that these currents charge
the membrane on a fast time scale, electroporate a large region of membrane, which
in turn discharges the membrane, suppressing further evolution of transmembrane
potential magnitude and pore density. In these regions of membrane where there is
large pore density, further electroporation cannot occur, given the pores stay open
three orders of magnitude longer than membrane charging and discharging. However,
near 6.5 mm, the slower charging of the membrane by the divergence of longitu-
dinal currents does bring about a small, but noticeable increase in pore density and
molecular uptake, as shown in Fig. 3.4. While electroporation in a fiber subject to a
uniform, mean-free field has previously been studied,57,59 the mechanisms that arise
from the divergence of longitudinal currents in a fiber subject to a nonuniform field
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have not previously been investigated. In Secs. 3.2.1 and 3.2.2, focus is placed on
the longitudinal currents, and in turn, their effect on the evolution of pore density
and molecular uptake in an electroporating fiber. These mechanisms observed at the
single fiber level dictate the tissue level observations presented in Sec. 3.2.3.
3.2.1 Electroporating Fiber Close to Electrodes
The divergence of the longitudinal currents are represented by two terms in the
leading order equation for the longitudinal problem derived in Sec. 2.1.3: terms
containing B2 〈Ψ〉 {Bz2 and B2fm{Bz2. The equation is repeated below for convenience,
1   1
γµ


Cm
Bfm
Bt 
σia
2
B2fm
Bz2  

1   1
γ


σia
2
B2 〈Ψ〉
Bz2 

1   1
γµ


Im. (3.2)
The first term on the right side of Eq. 3.2 is similar to a longitudinal diffusion
term: the physical tendency to reduce the heterogeneous buildup of charge. The
second term, containing the longitudinal AF B2 〈Ψ〉 {Bz2, is the source term set up
by the electrodes, which charges the membrane. The final term contains the mean
membrane current Im, which evolves as the membrane is charged by currents.
The longitudinal diffusion term is only a secondary reaction to development of
mean potential from primary sources, such as the activating function B2 〈Ψ〉 {Bz2.
Furthermore, excluding it from Eq. 3.2 yields only a 0.067% change in total uptake,
compared to 0.91% when all longitudinal currents are excluded. Thus, the effect of
the longitudinal diffusion term on total uptake is small enough that it is not taken
into account in the following analysis. The longitudinal AF, the second term in
the right side of Eq. 3.2, is the only longitudinal term remaining. Furthermore,
it is the difference between the longitudinal AF and Im that leads to evolution of
mean transmembrane potential fm, and consequently, evolution of pore density due
to fm. Thus, the longitudinal AF term

1   1
γ
	
σia
2
B2〈Ψ〉
Bz2
and the term

1   1
γµ
	
Im
are shown for different versions of the model in Fig. 3.5.
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Fig. 3.5A reveals the net difference between the longitudinal AF term and the
mean membrane current Im is significant at 4.5 and 100 µs for the passive fiber.
Thus, at both time instants, the AF is charging the membrane and evolving the
transmembrane potential, as was shown in Fig. 3.2B. The net difference in AF and
Im in the region of virtual electrodes (VEs) is much smaller than in the regions of
fiber over the real electrodes (REs), so less membrane charging occurs and smaller
transmembrane potential develops. This pattern is reversed in the electroporating
fiber in panel B, where the net difference in current is smallest over the anode and
cathode, but reaches larger magnitude outside of these regions. In the electroporating
fiber, there are three categories of regions: the regions over the electrodes, the regions
of Im “spikes” shown by arrows at t  4.5 µs, and the regions where |z| ¡ 6 mm.
The first region, over the anode and cathode, the AF is nearly completely bal-
anced by the mean membrane current Im. The physical mechanism was discussed in
Sec. 3.1, still, further understanding can be gained from analyzing simplified versions
of Eq. 3.2. Note that the following analysis is only for use in this following context,
and is not meant to be a development in simplifying the model itself. Keeping this
note in mind, neglecting the diffusion term and rewriting Im in terms of mean-free
and mean voltages, the equation for a passive fiber is obtained,
1   1
γµ


Cm
Bfm
Bt 

1   1
γ


σia
2
B2 〈Ψ〉
Bz2 

1   1
γµ


fm  Vrest
Rm
, (3.3)
and the equation for an electroporating fiber is found,
1   1
γµ


Cm
Bfm
Bt 

1   1
γ


σia
2
B2 〈Ψ〉
Bz2 

1   1
γµ

"
Rm  Rp
RmRp


fm  Vrest
Rm
*
,
(3.4)
where Rp is the membrane surface resistance due to electropores. Rp is obtained
by dividing current density due to electroporation (Eq. 2.29) by Φm, and invert-
ing the result, which converts the current density into surface conductance. As-
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suming Rp is spatially and temporally invariant, time constants can be found from
Eqs. 3.3 and 3.4,
Passive: RmCm  10 ms and Electroporating: RmRpCm{pRm  Rpq  1 µs, (3.5)
where Rp  100 µΩm2 is representative of pore resistance in the region over the
electrodes. Thus, membrane charging time is reduced by four orders of magnitude,
illustrating the feasibility of Eq. 3.2 reaching steady state within 4.5 µs of turning
on the pulse in the regions over the anode and cathode. Essentially, the time scale of
membrane charging in the longitudinal problem is reduced to 1 µs, which is on the
order of the time scale of membrane charging due to transverse currents: aCm{σi 
0.45 µs. This decrease in time scale is from transverse charging and electroporation
of the membrane, and is introduced into the longitudinal problem via Im. Current in
the region of the electrodes for the fiber that excludes longitudinal AF (Fig. 3.5C)
behaves in the same manner, except mean membrane current Im is zero because the
longitudinal AF is excluded from this model.
The second region identified in Fig. 3.5B are the “spikes” in Im. Fig. 3.5C reveals
that the four regions of fiber where there are “spikes” of mean membrane current Im
at 4.5 µs (shown by arrows), are largely a result of transverse currents charging and
electroporating the membrane, as they appear in the version of the model excluding
the longitudinal AF. These four regions show inward (negative) current flow, which
is due to the negative bias of the resting potential leading to electroporation on the
hyperpolarized side of the fiber first, as shown in Fig. 3.6A for z  5.5 mm. The
hyperpolarized side of the fiber electroporates on the order of 4.5 µs (Fig. 3.6A),
introducing current flowing transversely across the fiber, as shown in Fig. 3.7A. The
electroporating fiber exhibits large current density on the hyperpolarized side where
there is high pore density, and a fraction of this current flows to the depolarized
side of the fiber, where pore density is much smaller. The imbalance of resistive
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membrane current between the hyperpolarized and depolarized side at 4.5 µs in Fig.
3.6B reveals there is capacitive charging of the membrane on the depolarized side,
and that there is also current flow in the longitudinal direction (Fig. 3.7B).
The current that does flow across to the depolarized side charges the membrane
there, as evidenced by the negative circumferential mean membrane current Im 
2740 A/m2 at 4.5 µs in Fig. 3.6B. The charging of the membrane on the depolarized
side of the fiber continues until transmembrane potential is large enough to elicit
comparable pore density to the hyperpolarized side, as shown at 100 µs in Fig. 3.6A.
The resulting increased conductance on the depolarized side reduces the magnitude
of Im by an order of magnitude (Fig. 3.6B) because now more current introduced
on the hyperpolarized side is flowing across the membrane on the depolarized side
through the increased conductance. Thus, the “spikes” in Im in Fig. 3.5 disappear
by 100 µs, and current from the longitudinal AF balances Im, indicating membrane
charging and pore creation is at quasi-steady state. Therefore, as was the case for
the region of fiber over the cathode, the transverse currents charge the membrane
and increase the pore density, which precludes further charging and electroporation
from the longitudinal currents.
Physically, most longitudinal current that enters a transverse slice of the fiber
continues longitudinally, given pore density is relatively moderate, as shown in Fig.
3.3B. However, the small difference in longitudinal current between transverse slices is
exactly balanced by mean current entering the fiber across the membrane, as shown
by the asymmetry in current in Fig. 3.7A and negative value of Im in fig. 3.6B.
The passive fiber also exhibits nonzero Im at 100 µs in Fig. 3.5A, but magnitude
of current density is ten-fold smaller than in the electroporating fiber. In essence,
electroporation ultimately increases the magnitude of Im by increasing membrane
conductance until Im exactly balances the current from the longitudinal AF. However,
the passive fiber must depend on membrane charging, increasing the magnitude of
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transmembrane potential, until Im balances the current from the longitudinal AF,
which is a slow process that depends on longitudinal currents. The electroporating
fiber temporally “skips ahead” to quasi-steady state when the currents are balanced
in Eq. 3.2, as a consequence of the transverse currents charging and electroporating
the membrane, which increase membrane conductance.
The third, and final region in Fig. 3.5B is where |z| ¡ 6 mm. Comparing
Figs. 3.5A and 3.5B reveals that the longitudinal current exhibits opposite sign from
regions closer to the electrodes, indicating this region is where virtual electrodes
(VEs) form. It is in this region where the profile of Im is nearly identical to the
passive, full model in panel A at 4.5 µs. Furthermore, current density in the passive
and electroporating fiber are nearly identical in Fig. 3.8. There is virtually no trace
of electroporation in this region at 4.5 µs, given that Im is very close to zero in Fig.
3.5B, and pore density in Fig. 3.4A is orders of magnitude smaller than everywhere
else along the fiber. The difference between current from the longitudinal AF and
Im, and resulting membrane charging, electroporation, and molecular uptake between
4.5 and 100 µs (Figs. 3.4A and 3.4C), is entirely accounted for by the current that
charges the membrane. As electroporation occurs due to charging of the membrane
by these longitudinal currents, the magnitude of Im approaches the magnitude of the
longitudinal AF term, and at 100 µs, the two are equal (Fig. 3.5B). The mechanism
by which this occurs is the same as for position z  5.5 mm, except in this case
it is the longitudinal AF that charges and electroporates the membrane, given that
transverse currents are too weak to do so first. Increase in pore density primarily
occurs on the hyperpolarized side of the fiber due to the negative bias of the resting
potential (Fig. 3.8A), but the increase in pore density is still relatively small, as the
longitudinal flow of current is barely disrupted in Fig. 3.8B.
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Figure 3.7: Current density and potential distribution in intracellular space in
vicinity of z  5.5 mm, i.e., in the vicinity of one of the “spikes” in Im in Fig.
3.5B. Magnitude and direction of current density arrows is to scale within a single
cross section, but is not comparable between different cross-sections. (A) Transverse
cross-section at z  5.5 mm for passive and electroporating fiber at two time in-
stants. Magnitude of current density is displayed at one location in cross section.
(B) Longitudinal cross-section in the vicinity of z  5.5 mm for passive and electro-
porating fiber at two time instants. Magnitude of current density is displayed at one
location in cross section.
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Figure 3.8: Current density and potential distribution in intracellular space in
vicinity of z  6.0 mm. Magnitude and direction of current density arrows is to scale
within a single cross section, but is not comparable between different cross-sections.
(A) Transverse cross-section at z  6.0 mm for passive and electroporating fiber at
two time instants. (B) Longitudinal cross-section in the vicinity of z  6.0 mm for
passive and electroporating fiber at two time instants.
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3.2.2 Electroporating Fiber Far From Electrodes
Fig. 3.9 shows the same data as in Fig. 3.4 using same simulation parameters,
except electrode-fiber distance is further: 1.44 mm instead of 0.48 mm. Comparing
the two figures, the fiber further away shows smaller magnitude of pore density and
uptake, as expected. Furthermore, unlike the close fiber, there is dramatic change
in pore density between 4.5 and 100 µs at every position in z along the fiber. While
there is some temporal evolution of pore density in the version of the model without
longitudinal AF, it is not as pronounced as in the full model. Thus, the longitudinal
AF contributes significantly to the formation of pores. In fact, maximum pore density
in the full model is approximately ten-fold larger than the model without longitudinal
AF. This difference in pore density results in maximum uptake of approximately
ten-fold larger in the full model, and total uptake in entire fiber increases by nearly
2000% over the model without longitudinal AF. Clearly, the longitudinal AF has a
significantly larger role in uptake for fibers that are further from the electrodes.
The temporal evolution of the circumferential average membrane current reflects
the importance of including the longitudinal AF in simulation, as shown in Fig.
3.10. As expected, Im in the electroporating fiber (panel B) is very similar to the
passive fiber (panel A) at 4.5 µs, as the transverse component of the stimulus does
not elicit significant creation of pores. However, between 4.5 and 100 µs, the pore
density drastically increases over much of the fiber membrane (Fig. 3.9A), and Im
consequently increases over much of the fiber in Fig. 3.10B. Finally, Im in the model
without the longitudinal AF remains at small magnitude throughout the duration of
the 100 µs pulse, with inward negative current developing due to the negative bias
of the resting potential causing the hyperpolarized side of the fiber to electroporate
first under the electrodes (Fig. 3.10C). For a fiber further from the electrodes, the
longitudinal AF is clearly the primary influence on development of Im.
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3.2.3 Entire Tissue
The increase in molecular uptake over the entire tissue is important to determine how
the contribution of the longitudinal AF at the fiber level relates to the contribution
of the longitudinal AF at the macroscopic tissue level. Fig. 3.11 shows contour plots
of the molecular uptake over the entire tissue. Using a normal color gradient, there is
no noticeable difference between molecular uptake from the full version of the model
that includes the longitudinal AF (panel A), and the version that excludes it (panel
B). This similarity between the two versions of the model is explained as follows.
Uptake in a fiber close to the electrodes is enhanced 0.91% due to the longitudinal
AF, while uptake in a fiber far from the electrodes is enhanced by 2000%. However,
computing the total uptake over the entire fiber far from the electrodes (Fig. 3.9C)
and over the entire fiber close to the electrodes (Fig. 3.4C), it is revealed that uptake
in the far fiber is only 6.5% of the close fiber. Therefore, relative importance of the
longitudinal AF on the tissue level cannot be judged on the single fiber level alone.
While the longitudinal AF plays a major role at the individual fiber level far from the
electrodes, in the context of the entire tissue, its effect on uptake remains relatively
small. The transverse AF dominates for fibers closer to the electrodes, where a
majority of the pores are created and where most of the molecular uptake occurs in
the tissue. Over the entire tissue, the longitudinal AF increases uptake by 3.95%,
which is much closer to the 0.91% increase in uptake for the close fiber than the
2000% increase in uptake for the far fiber.
Tissue molecular uptake viewed with an adjusted color gradient to view minute
differences is shown in Figs. 3.11C and 3.11D. Here, it is apparent that for fibers
close to the electrodes, the longitudinal AF enhances uptake near z  6 mm, and
for fibers further from the electrodes it enhances uptake over a majority of the fiber,
as observed in Secs. 3.2.1 and 3.2.2. In Fig. 3.11C, the increase in uptake from
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longitudinal AF is a small “ring” of moderate uptake (grey color) on the periphery
of the major uptake region (white region). However, the “ring” is broken in the region
between the electrodes, where uptake is not affected by the longitudinal AF. It is also
apparent that molecular uptake in the tissue exhibits nearly binary behavior. The
uptake in the grey region on the periphery is small compared to uptake in the white
region. Therefore, it is almost complete to classify uptake as either occurring and
reaching steady state intracellular concentration, or occurring and leading to only
small increases in intracellular concentration. However, it should be noted that even
a small amount of uptake over a large are could result in significant contribution to
total uptake in the tissue, which is examined more in Sec. 3.3.2
3.3 Model Variations: Effect on Uptake and Importance of Longitu-
dinal AF
3.3.1 Orientation of Electrodes
Given the domination of the transverse AF in governing molecular uptake, it would
be expected that orienting the electrodes transverse to the fibers yields larger up-
take. This hypothesis is tested in Fig. 3.12. Here, the increase in tissue-wide uptake
in changing from longitudinal orientation of electrodes to transverse orientation of
needles is 75%. The qualitative difference between the distribution of the molecular
uptake in Fig. 3.12A and Fig. 3.11A is that molecular uptake remains elevated for
much of the space between electrodes. In fact, the 1 mm block of tissue between
y  .5 mm and y  .5 mm contains 20% of the uptake molecular uptake in the
entire tissue. Furthermore there is a larger region of tissue where moderate amount
of uptake occurs. The percentage of tissue where relative uptake is between 0.25 and
0.75 is 24% for transverse needles compared to 6.5% for longitudinal needles. This
region of tissue contributes 28% to total uptake for transverse needles, compared to
only 11% for longitudinal needles. The percentage of tissue where relative uptake
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is greater than 0.75 is 35% for transverse needles compared to 28% for longitudinal
needles. However, this region of tissue contributes only 68% to total uptake for trans-
verse needles, compared to 84% for longitudinal needles. Therefore, the transverse
needle orientation allows for significant increase in total uptake from more moderate
amounts of uptake spread across a larger region of tissue.
Comparing Figs. 3.12A to 3.12B the uptake looks approximately the same re-
gardless of whether or not the longitudinal AF is used, but comparing Figs. 3.12C
to 3.12D, it is clear there is a small effect from including the longitudinal AF. The
increase in uptake is in the region of tissue that is on the periphery of where the
majority of uptake occurs, as was the case for longitudinally oriented electrodes. In-
tegrating uptake over the entire tissue, the increase from including the longitudinal
AF is 0.752%, compared to 3.95% for when the electrodes are positioned longitudi-
nally to the fibers. Not only is the percent increase smaller in the case of transversely
oriented electrodes, the actual value of the increase in uptake for transversely ori-
ented needles is only 34% of that for longitudinally oriented needles. This overall
smaller effect from the longitudinal AF for transversely oriented electrodes is ex-
pected, given that orienting the electrodes in this position amplifies the effects from
the transverse AF.
3.3.2 Pulse Strength and Comparison to Other Models and Experiments
Fig. 3.13 shows contour plots of the intracellular concentration over the entire tissue
for four pulse strengths typical in delivery of small molecules.29,31 As observed for
pulse strength of 800 V/cm in Sec. 3.2.3, for all pulse strengths molecular uptake
exhibits a nearly binary behavior in the tissue space, where either uptake occurs
and the steady state concentration is obtained, or there is only small increase in
intracellular concentration. Due to this binary behavior, increasing the pulse strength
enhances uptake by increasing region over which the steady state concentration is
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obtained, rather than slightly amplifying uptake where there already exists nonzero
intracellular concentration.
Fig. 3.14A shows normalized total number of molecules as a function of pulse
strength from the full version of the model and from the version excluding longitu-
dinal AF. Total uptake versus field strength is linear (linear correlation coefficient is
0.9999 for both curves), and the increase in number of intracellular molecules from
including the longitudinal AF is nearly independent of pulse strength (maximum
difference between point-by-point difference between curves and mean difference be-
tween curves is only 1.6% of minimum uptake at pulse strength 400 V/cm). There-
fore, the relative increase in uptake from including the longitudinal AF diminishes
with increased pulse strength, simply because the magnitude of uptake increases
(Fig. 3.14B). For small pulses, the relative increase in uptake from including the lon-
gitudinal AF reaches nearly 10%, and for 1000 V/cm the relative increase is reduced
to 2.8%. The relative increase in uptake decreases at a slower rate as pulse strength
is increased.
Other published models of uptake in muscle tissue do not simulate uptake, rather,
the magnitude of the electric field |E| is is compared to a threshold |E|th in determin-
ing electroporation and uptake.29,30,103 Thus, for comparison to these experiments,
four threshold values for intracellular concentration are chosen and reported relative
to the steady state intracellular concentration ci,ss: 0.1ci,ss, 0.117ci,ss, 0.13ci,ss, and
0.99ci,ss. Next, for each uptake threshold, regions of tissue that attain uptake thresh-
old are mapped to the distribution of |E|. Looking at the “edges” of the region where
uptake reaches threshold for all four pulse strengths, an average threshold value for
field magnitude is found |E|th. The region of tissue that attains |E|th is reported
as a percentage of the size of the entire tissue in Fig. 3.15 for four different pulse
strengths. Clearly, the ability of this threshold field method to reproduce uptake
in the full model is dependent on choice of |E|th, and it very nearly reproduces the
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Figure 3.14: Effect of longitudinal AF on total tissue uptake for different pulse
magnitudes. Uptake is reported after all pores have resealed. Four different values of
pulse strength are used, reported as the interelectrode voltage divided by the inter-
electrode distance: 2V0{d. (A) Uptake both including and excluding the longitudinal
AF is reported as the total number of molecules in the intracellular space normalized
to maximum number of intracellular molecules if entire tissue reached steady state
concentration. (B) Relative increase in tissue-wide uptake due to longitudinal AF
for different pulse strengths.
full model when threshold is defined as 483 V/cm (0.117ci,ss). Unlike uptake in
the full model, predicted uptake from field threshold method is not linear, but the
linear correlation coefficient for 483 V/cm case is 0.999. The average relative differ-
ence between the full model and the threshold field model over all pulse strengths
is 3.31%, with maximum of 7.45% at pulse strength of 400 V/cm. If threshold is
defined as when intracellular concentration is 0.1ci,ss (|E|th  298 V/cm) or 0.99ci,ss
(|E|th  841 V/cm), then uptake is drastically overpredicted and underpredicted, re-
spectively. The underprediction from using 0.99ci,ss highlights that although spatial
uptake regions in tissue behave in a binary fashion, the small amount of “background
uptake” in the tissue does contribute to total uptake. Predicted uptake is also very
sensitive to threshold choice. Increasing threshold 483 V/cm by 5.8% (511 V/cm) re-
sults in predicted uptake profile with larger linear correlation coefficient of 0.999996,
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but increases average and maximum relative difference from the full uptake model
to 10.2% and 14.8%, respectively.
While total uptake can be predicted well using the threshold field approach, the
shape of the region of uptake in the tissue is less accurate. Using |E|th  483 V/cm
threshold, the shape of the uptake area is closer to the full model for pulse strengths
less than 800 V/cm, as shown in Fig. 3.16. The correlation coefficients for pulse
strengths 400 and 600 V/cm are 0.969 and 0.956, respectively, while for 800 and
1000 V/cm they are 0.934 and 0.919. The relative root mean square differences
for pulse strengths 400 to 1000 V/cm are 17.5%, 16.9%, 19.3%, and 20.9%. In
general, the shape of uptake using the field threshold model is more narrow in the y-
dimension than in the full model, but includes more uptake exactly midway between
the electrodes. This pattern is especially pronounced for larger pulse strengths.
Thus, the shape of uptake in the tissue is not predicted as well by the threshold field
model, even though the predicted total uptake is relatively accurate.
Tissue-level uptake can be compared to actual uptake in experiments of small
molecules performed by Grafstrom et al.,31 given that electrode and tissue geometries,
as well as pulsing protocols used in simulations are matched exactly to experiments.
Experiments were carried out in rats, where radiolabelled DTPA is injected into the
bloodstream and electric pulses are applied to the soleus muscle in one leg of the
rat after accumulation of the molecule in the interstitial space.31 The other leg of
the rat is the control, and is not treated with electric pulses. Radioactivity in both
muscles are measured 5-8 hours later, when 90% of the initially injected molecules
have been excreted. Note that radioactivity can be related to number of radiolabelled
DTPA molecules through the definition of the Becquerel, and number of molecules
are related to concentration if a volume is given. Radioactivity measured in the
treated muscle is a combination of molecules that entered the intracellular space
(Ki,p) and 10% of the molecules that remained in the extracellular space after pore
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Figure 3.15: Total tissue uptake versus pulse strength predicted by threshold field
model. Four different values of pulse strength are used, reported as the interelectrode
voltage divided by the interelectrode distance: 2V0{d. Total uptake from the full
model is calculated as total number of molecules in the intracellular space normalized
to maximum number of intracellular molecules if entire tissue reached steady state
concentration. Total uptake predicted by the threshold approach is calculated as
the percent of tissue that achieves the threshold field strength. Three different field
strength thresholds are used. For threshold |E|th  483 V/cm, the predicted uptake
is very nearly equivalent to uptake predicted by full model, and lines nearly overlap.
resealed (0.1Ke,p). Radioactivity measured in the untreated muscle is simply 10% of
the initial activity in the interstitial space (0.1Ke,c). Uptake ratio (UR) is measured
and reported in experiments, and can be computed in the model,
UR  Ki,p   0.1Ke,p
0.1Ke,c
, (3.6)
Ki,p and Ke,p are computed from integrating intracellular (ci) and extracellular (ce)
concentrations over the intracellular and extracellular spaces, respectively, and Ke,c
is computed by integrating the constant initial extracellular concentration co over
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Figure 3.17: Tissue-wide UR: simulations versus experiments in literature. UR is
reported after pores have resealed, and is relative to control muscle not treated by
electric pulses, as explained in text. UR in experiments are reported using data from
linear regression performed by the authors. Four different values of pulse strength
are used, reported as the interelectrode voltage divided by the interelectrode dis-
tance: 2V0{d. (A) UR from simulations of the full asymptotic electroporating model
compared to UR from experiments. Data shown for large range of pulse strengths in
order to show experimental data that linear fit is based on. (B) Relative difference
in UR between simulations and experiments.
the entire extracellular space (see Sec. 2.3.3 for introduction of co).
UR versus pulse strength is reported in Fig. 3.17A for both simulations of up-
take from asymptotic electroporating fiber model and experiments performed by
Grafstrom et al. In both model and experiments the UR is nearly a linear function
of field strength. The linear correlation coefficients from fitting the curves in Fig.
3.17A to lines, for model and experiments, are 1 and 0.98 respectively. The slope
of the model UR is 8% smaller than the slope of the experimental UR. For pulse
strengths greater than 473 V/cm the model underpredicts UR observed in experi-
ments, but the magnitude of the relative difference in UR is never greater than 5%
between model and experiments.
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3.3.3 Interfiber Distance
In all other simulations presented in this work, an interfiber distance of 1 µm was
used, as specified in Table 2.3. While it is a property of muscle that fibers are closely
packed, not all fibers in the tissue will have the same interfiber distance, contrary
to the periodic fiber structure assumed in the simulations. Therefore, the effect of
increasing the interfiber distance, and thus the boundary Rb around each fiber, is
examined. Focus is placed on the effect changing interfiber distance has on the role
of the longitudinal AF, and the mechanisms involved therein. Results are shown for
a fiber close to the electrodes, 0.48 mm from the center of the needles, as in Chapters
3.1 and 3.2.1.
Fig. 3.18 compares the temporal evolution of circumferential average pore density
(Nep) using three different values of interfiber distance. Fig. 3.18A reveals that
increasing interfiber distance only slightly affects the circumferential average pore
density for most of the fiber length. More specifically, the effect is smaller for |z|   6
mm, or the region where the the transverse currents are the predominate source of
membrane charging and electroporation. Fig. 3.18B offers a zoomed in view of Nep
near z  6 mm. In this view, there are two observations of interest. First, for all
z positions at t=4.5 µs, and for |z|   6 mm at t=100 µs, the greater the interfiber
distance the greater the pore density. The charging of the membrane via transverse
currents is the responsible for this trend, given these currents dominate under these
criteria.
The mechanism is best understood in a passive fiber, which isolates the membrane
charging as interfiber distance is changed. Fig. 3.19A reveals that in a passive fiber
on the time scale of transverse charging, the intracellular and extracellular fields are
virtually zero due to the large resistance of the membrane, as expected. Increasing
interfiber distance results in nearly no change in intracellular potential (between -
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25 and 25 µm), yet results in larger deviation of the total extracellular potential
from the primary potential (outside 25 µm), as shown in Fig. 3.19B. This larger
extracellular deviation for larger interfiber distances is from the secondary potential
having more space to develop. The further apart the fibers are, the further away
that the current will start to bend in the angular direction ϕ around the fiber in
response to the highly resistive membrane. It is this larger deflection in extracellular
current that leads to larger deviations in secondary extracellular potential, resulting
in larger magnitude of transmembrane potential shown in Fig. 3.20. Note that |Φm|
is affected by interfiber distance on the proximal and distal sides of the fiber, but
is not affected by interfiber distance where no charging occurs at pi{2. Ultimately,
larger interfiber distance leads to larger magnitude of transmembrane potential from
transverse charging, which leads to the greater pore density seen in Fig. 3.18 at 4.5
µs, and at 100 µs for |z|   6 mm. Note that there is a limit to this generalization,
where once fibers are far enough from each other, increasing the interfiber distance
will not increase transmembrane potential from transverse charging.
The second observation in Fig. 3.18 is that, for |z| ¡ 6 mm at t=100 µs, the
greater the interfiber distance the smaller the pore density, which is exactly reversed
from the aforementioned pattern observed for |z|   6 mm at 100 µs, and for all z at
4.5 µs. Here, for |z| ¡ 6 mm, charging via the longitudinal AF dominates creation of
pores. Thus, to understand the relationship between interfiber distance and creation
of pores in this region, the longitudinal problem is analyzed. Analysis begins with
the homogenized equation in Appendix B for extracellular space: Eq. B.14. Eq. A.8
is substituted for circumferential average primary potential BΨ{Bρ, it is expressed in
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Figure 3.20: Transmembrane potential Φm on time scale of transverse membrane
charging for passive fiber: effect of interfiber distance. Results are from the full model
(full transverse and longitudinal problem), and are taken at z  5 mm for three
different values of interfiber distance: 1 µm (Rb  25.5 µm), 3.75 µm (Rb  26.875
µm), and 7.5 um (Rb  28.75 µm). Profiles are shown at t  0.45 µs rather than
the typical 4.5 µs to ensure longitudinal charging has no effect on transmembrane
potential, thus isolating the effects from transverse charging.
dimensional form, and both sides of the equation are multiplied by pia. The result is
2pia∆zCm
Bfm
Bt
I
 2pia∆zIm
II
 σepia2
 B 〈Ψ〉
Bz

z ∆z
 B 〈Ψ〉Bz

z


III
 σepipR2b  a2q
 Bfe
Bz

z ∆z
 BfeBz

z


IV
.
(3.7)
Each term in Eq. 3.7 is expressed as an average current density multiplied by the
cross-sectional area normal to the flow of current, e.g., the average secondary lon-
gitudinal current multiplied by the transverse cross-sectional area of extracellular
space: pσeBfe{Bz|zq * tpipR2b  a2qu. The resulting units of each term are amperes,
so the charging of the membrane can now be understood intuitively. Reading terms
111
from left to right in Eq. 3.7, the capacitive current charging the membrane (group
I) is reduced by the average current crossing the membrane (group II), increased
by the difference in longitudinal current from primary potential (group III), and
decreased by the difference in longitudinal extracellular current from secondary po-
tential (group IV). Increasing interfiber distance, and thus Rb, increases the charge
suppression effect from terms in group IV (B2fe{Bz2 is same sign as B2 〈Ψ〉 {Bz2).
Dividing both sides of Eq. 3.7 by 2pia∆z and letting ∆z Ñ 0 more clearly shows
the link to the longitudinal AF,
Cm
Bfm
Bt
I
  Im
II
  σea
2
B2 〈Ψ〉
Bz2
III
 σepR
2
b  a2q
2a
B2fe
Bz2
IV
. (3.8)
Now, reading terms from left to right, the capacitive current density charging the
membrane (term I) is reduced by the average current density across the membrane
(term II), increased by the longitudinal AF (term III), and reduced by longitudinal
extracellular diffusion from secondary potential (term IV). Increasing interfiber dis-
tance increases Rb, and thus, increases the suppression effect that the diffusion term
(IV) has on the longitudinal AF term (III).
Finally, this effect observed in the extracellular space is also observed in the
complete equation for the longitudinal problem. Dividing Eq. 2.15 by p1   1{pγµqq
and solving for the membrane charging term yields the cable equation,
Cm
Bfm
Bt  Im  
σeapγ   1q
2pγµ  1q
I
B2 〈Ψ〉
Bz2  
σiaγµ
2p1   γµq
II
B2fm
Bz2 , (3.9)
where γ  pR2b  a2q{a2 and µ  σe{σi. Figure 3.21 illustrates the relationship
between increasing Rb and the coefficients I and II in Eq. 3.9. Increasing inter-
fiber distance, and consequently boundary radius Rb, decreases the coefficient of the
longitudinal AF while increasing the coefficient of the diffusion term. Therefore,
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Figure 3.21: Conductance coefficient in longitudinal problem: effect of interfiber
distance. The conductance coefficients I and II from Eq. 3.9 are shown as a function
of the extracellular boundary radius Rb. Rb  25 µm is equivalent to zero interfiber
distance, and is increased to Rb  100 µm, which is equivalent to 150 µm interfiber
distance. Small and large extreme values of I and II are shown in the figure as σia{2
and σea{2, respectively.
increasing interfiber distance stifles charging of the membrane via the longitudinal
AF, and amplifies the effect of diffusion term, which opposes any membrane charg-
ing from the AF (B2fm{Bz2 is opposite sign of B2 〈Ψ〉 {Bz2). Thus, the manner in
which both terms I and II change with increasing Rb results in smaller pore density
observed in Fig. 3.18 for |z| ¡ 6 mm at t  100 µs.
The relative effect of the longitudinal AF on molecular uptake, as interfiber dis-
tance is varied, is shown in Fig. 3.22. For |z|   6 mm in all panels, where transverse
currents dominate charging of the membrane, there is no difference in uptake from
113
including or excluding the longitudinal AF. This behavior is a result of the strong
transverse currents that charge and electroporate the membrane much faster than
longitudinal currents, altering Im to counteract charging from terms I and II, as
explained in Sec. 3.2. For |z| ¡ 6 mm, charging via transverse current is not as
strong, and Im does not counteract charging from terms I and II (Sec. 3.2), and the
longitudinal AF matters. Including the longitudinal AF has the largest effect for
dense fibers in Fig. 3.22A, whereas it has the smallest effect for sparse fibers in Fig.
3.22C. In this region, charging of the membrane is dominated by the longitudinal
AF, and given that pore density is suppressed as interfiber distance is increased, the
relative contribution of the longitudinal AF to molecular uptake decreases as well.
Furthermore, the steady state value of intracellular concentration (ci,ss) increases
with interfiber distance, as shown by Eq. 2.58, which further diminishes the addi-
tional uptake from including the longitudinal AF, relative to the uptake in the rest of
the fiber. At the entire tissue level, relative increase in uptake due to the longitudinal
AF ranges from 3.95% for the case of densely packed fibers (Rb  25.5 µm), 0.823%
for semi-dense packed fibers (Rb  26.88 µm), and 0.267% for sparsely packed fibers
(Rb  28.75 µm).
A final observation in Fig. 3.22 is that for |z|   6 mm, the length of fiber that
reaches ci,ss decreases as interfiber distance is increased. This behavior is expected
from reviewing Fig. 3.18 and the equations for molecular uptake (Eq. 2.57). Fig.
3.18 shows that for |z|   6 mm, as interfiber distance is increased, there is only a small
increase in pore density. This small increase is not enough to account for the increase
in time scale of uptake as interfiber distance is increased. Given that molecules
are conserved between intracellular and extracellular space (no-flux condition on
boundary Rb), ce can be expressed in terms of ci,
ce  copR
2
b  a2q  cia2
pR2b  a2q
, (3.10)
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where co is the initial extracellular concentration of molecules. This relationship is
used in Eq. 2.57a to find the time scale τss for ci to reach ci,ss. The result shows
that τss depends on Rb,
τss9

1  a
2
R2b


. (3.11)
Thus, as interfiber distance is increased, less of the fiber will reach steady state
intracellular concentration due to the longer time scale of uptake.
3.3.4 Nonuniform Tissue Conductivities Due to Electroporation
A major assumption used in computing primary potential Ψ, and derivatives of Ψ for
the activating functions used in the transverse and longitudinal problems (Secs. 2.1.2
and 2.1.3), is that the tissue conductivities do not change in response to electropo-
ration. The validity of this assumption is tested by numerically solving for primary
potential Ψ using two versions of a finite element model: one which has spatially
uniform tissue conductivities in the tissue space, and another that has nonuniform
tissue conductivities due to electroporation. Model and methods used in this anal-
ysis, and region of tissue with elevated conductivities (Fig. 2.17), are given in Sec
2.4. In analyzing the results, first, contour plots of primary potential Ψ are shown in
Fig. 3.23 for the case of uniform and nonuniform tissue conductivities. Both mod-
els produce similar distributions of primary potential, except the drop in potential
occurs over a larger distance moving radially out from the electrodes in the nonuni-
form conductivities case. This trend is especially noticeable in the z-dimension along
the length of the fibers. This behavior is expected, given the increased conductivity
around the electrodes moderates the magnitude of the field in the vicinity of the
electrodes. This trend is also seen in the transverse AF BrΨ{Bρ, which is based on the
y-component of the electric field. Figs. 3.24A-3.24B show that in the vicinity of the
cathode, the AF for nonuniform tissue conductivities is slightly smaller in magnitude
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Figure 3.23: Contour plot of numerical primary potential Ψ, uniform versus
nonuniform tissue conductivities. Only the top half of the tissue is shown, given
symmetry about the line y  0. Positions of anode and cathode are marked in the
tissue space by plus and minus symbols enclosed by semicircles, respectively. Con-
tour plots are shown for the uniform tissue conductivities model (A) and nonuniform
tissue conductivities model (B).
than the uniform case. This observation is most pronounced for the fiber close to
the electrodes, as there is virtually no difference between the AFs for a fiber far from
the electrodes.
While the increased conductivity does decrease magnitude of field in the direct
vicinity of the electrodes, it also keeps the field from decaying as much as in the
uniform tissue conductivities case. Thus, the field retains a larger value further away
from the electrodes where the tissue conductivity never changed. This effect is seen
for the transverse AF BrΨ{Bρ in Figs. 3.24A, 3.24C, and 3.24D, where the tissue with
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nonuniform conductivities has larger magnitude of AF further from the electrodes
near z  6 mm. This process results in smaller field magnitudes near the electrodes
and larger field magnitudes further away.
Similar trends are seen in the longitudinal AF, B2 〈Ψ〉 {Bz2, as shown in Fig. 3.25.
In Fig. 3.25A, it is clear that the longitudinal AF computed using nonuniform tissue
conductivities is smaller in the immediate vicinity of the electrodes at 2.5 mm,
which was also observed in Fig. 3.24B for the transverse AF. Near the end of the
fiber in Fig. 3.25B, the longitudinal AF is larger in magnitude for nonuniform tissue
conductivities than uniform, which was also observed in Fig. 3.24C for the transverse
AF. For a fiber far from the electrodes in Fig. 3.25C, the numerical error is nearly
too great to determine qualitative trends. However, in general, the AF from the
uniform tissue conductivities is smaller in magnitude than for the uniform case.
Figs. 3.24 and 3.25 reveal changes in the AFs from including or excluding changes
in tissue conductivities due to electroporation, yet these AFs operate on different time
scales in the actual asymptotic fiber model of electroporation. Thus, it is not im-
mediately apparent how including or excluding changes in tissue conductivity affect
molecular uptake in the model. To answer this question, the numerical transverse
and longitudinal AFs are used in the asymptotic fiber model, and results of molecu-
lar uptake are shown in Fig. 3.26. Fig. 3.26A shows the effects of including versus
excluding the longitudinal AF for tissue with uniform tissue conductivities. Similar
to Figs. 3.4C and 3.9C that use the analytical AFs, including the longitudinal AF
enhances uptake more for a fiber far from the electrodes compared to a fiber close to
the electrodes. This same trend is seen in Fig. 3.26B using the AFs from tissue with
nonuniform conductivities. Thus, in general, trends observed in molecular uptake
using the analytical AFs (Figs. 3.4 and 3.9) are captured using the numerical AFs.
These molecular uptake results are understood in terms of the transverse and
longitudinal AFs in Figs. 3.24 and 3.25. First, the fiber close to the electrodes is
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Figure 3.24: Numerical transverse AF, BrΨ{Bρ, uniform versus nonuniform tissue
conductivities. Positions of anode and cathode are marked with ` and a, respec-
tively. Numerical error is seen in the data, especially in the vicinity of the electrodes
at 2.5 mm. AFs for the non-electroporating (black line) and electroporating (light
grey line) tissue are shown for the most proximal side of a fiber close (solid line,
b  0.48 mm) and far from the electrodes (dashed line, b  1.44 mm). Transverse
AF is shown for the entire fiber close and far from electrodes (A), in the vicinity of
the cathode (B), near the end of the fiber (C), and for the far fiber only (D).
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considered. As discussed in Secs. 3.1 and 3.2.1, molecular uptake reaches the steady
state intracellular concentration for |z|   6 mm regardless of whether of not the
longitudinal AF is included. Thus, enhanced uptake from the longitudinal AF only
occurs near the ends of the fiber for |z| ¡ 6 mm. For |z| ¡ 6 mm, the magnitude
of the longitudinal AF is larger for tissue with nonuniform conductivities than for
uniform tissue conductivities, as shown in Fig. 3.25B. Thus, it is expected that the
longitudinal AF has a larger impact on molecular uptake in tissue with nonuniform
conductivities. However, the exact opposite is observed, if the total uptake over the
entire fiber is calculated from Fig. 3.26. For nonuniform tissue conductivities there is
only 0.000119% change in total uptake by including the longitudinal AF, compared
to 0.0230% for tissue with uniform conductivities. This apparent discrepancy is
resolved by observing that the transverse AF also has a larger magnitude in the
range |z| ¡ 6 mm for nonuniform tissue conductivities in Fig. 3.24C. Thus, the
larger transverse AF from nonuniform tissue conductivities operates on the short
time scale of microseconds, charges the membrane, causes extensive electroporation,
which suppresses charging of the membrane via the longitudinal AF. In other words,
if small changes are made in both transverse and longitudinal AFs, the transverse
AF prevails in terms of altering molecular uptake. The mechanism is manifested
by larger uptake near z  6 mm in tissue with nonuniform conductivities (Fig.
3.26D), compared to tissue with uniform conductivities (Fig. 3.26C), and uptake in
Fig. 3.26D is not affected by the longitudinal AF.
A very similar mechanism is observed for the fiber far from the electrodes, except
that this mechanism operates over a majority of the fiber, not just for |z| ¡ 6 mm.
Fig. 3.24D shows that for a majority of the fiber length, the magnitude of transverse
AF for nonuniform tissue conductivities is larger than the uniform case. Even though
Fig. 3.25C reveals that the magnitude of the longitudinal AF for nonuniform tissue
conductivities is larger than the uniform case, the effect is once again suppressed by
121
the larger transverse AF. Ultimately, including the longitudinal AF only enhances
total uptake in the fiber by 21.5% for nonuniform tissue conductivities, compared to
93.2% for uniform tissue conductivities.
Now, the contribution of the longitudinal AF for uniform vs. nonuniform tissue
conductivities is considered over the entire tissue. While the effect of the longitudinal
AF on molecular uptake differs by two orders of magnitude between nonuniform
and uniform tissue conductivities (0.000119% to 0.0230%) for a fiber close to the
electrodes, in both cases the effect of the longitudinal AF is very small. For a fiber
far from the electrodes, the contribution of the longitudinal AF differs by a factor
of 4.3 between nonuniform and uniform tissue conductivities (21.5% to 93.2%), and
the effect in both cases is substantial. However, the total uptake in the fiber far from
electrodes compared to the close fiber is only 10.9% for uniform tissue conductivities,
and 25.7% for nonuniform tissue conductivities. Thus, at the tissue-wide level, it is
not expected that the effect of including the longitudinal AF on molecular uptake
will be as large as these percentages, nor should there be as much difference between
uniform and nonuniform tissue conductivities. Indeed, over the entire tissue, the
enhancement in molecular uptake from including the longitudinal AF is only 3.77%
for uniform tissue conductivities, and 3.51% for nonuniform tissue conductivities.
Thus, in terms of measuring the effect of the longitudinal AF on molecular uptake,
the difference between uniform and nonuniform tissue conductivities is only around
7%.
In terms of measuring total uptake in the entire tissue, results are qualitatively
the same as those in Fig. 3.26, which show that uptake in the nonuniform tissue
conductivities model is larger than the uniform model. Indeed, over the entire tissue,
the nonuniform tissue conductivities model predicts 8.3% more molecular uptake
than the uniform tissue conductivities model. This increase is expected, given that
in the nonuniform tissue conductivities model both the transverse and longitudinal
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Figure 3.26: Longitudinal distribution of molecular uptake: uniform versus nonuni-
form tissue conductivities. Positions of anode and cathode are marked with ` and
a, respectively. Uptake is reported after all the pores have resealed, and measured as
intracellular concentration reported relative to theoretical steady state intracellular
concentration in the two-compartment model (Eq. 2.58 in Sec. 2.3.3). (A) Longi-
tudinal distribution of molecular uptake using numerical AFs that do not take into
account changes in tissue conductivities due to electroporation. Uptake is shown for
simulating the full model (full transverse and longitudinal problem) versus removing
the longitudinal AF (full transverse problem, reducing longitudinal problem to Eq.
3.1) for fibers close and far from the electrodes. (B) Same data as panel A, except
uptake is reported using numerical AFs that do take into account changes in tissue
conductivity due to electroporation. (C) Same as panel A, but focused on the the
end of the close fiber near z  6 mm. (D) Same as panel A, but focused on the the
end of the close fiber near z  6 mm.
123
AFs have larger magnitudes in the regions of tissue where steady state intracellular
concentration has not been reached (Figs. 3.24C, 3.25B, 3.26A, and 3.26B).
Finally, although the AFs from uniform and nonuniform tissue conductivities be-
have qualitatively as expected, where magnitude is smaller in the immediate vicinity
of the electrodes and larger at more distal regions of tissue, it is worth comparing
the analytical and numerical AFs to analyze the numerical error. Fig. 3.27 compares
the analytical AFs derived from analytical solution of needles discussed in Sec. 2.275
to the numerical AFs calculated from the numerical solution from uniform tissue
conductivities discussed in Sec. 2.4. The numerical transverse AF in Figs. 3.27A
and 3.27B are fairly close approximations to the analytical AFs, yet there is some
error. The correlation coefficient for both close and far fibers is 0.996, yet the rela-
tive root mean square error is 9.16% for the close fiber, and 17.7% for the far fiber.
Error is especially pronounced in the longitudinal AF in Figs. 3.27C and 3.27D. For
the close fiber, the correlation coefficient and relative root mean square error for the
close fiber are 0.760 and 214%, and for the far fiber they are 0.947 and 45.2%. Large
error near the ends of the fiber may be a result of computing potential in a finite size
of tissue, whereas the analytical solution is computed for an infinitely large region of
tissue. As the size of the tissue is increased, the numerical error near the ends does
tend to decrease, yet error under the electrodes persists without much change (result
not shown). In the case of the longitudinal AF, error under the electrodes increases
with larger tissue size (result not shown).
The effect of numerical error on uptake is examined in Fig. 3.28. The correlation
coefficient, relative root mean square error, and relative error in total uptake along
the fiber close to the electrodes in panel A are 0.770, 32.3%, 15.5%. For the far fiber
in panel B, these same metrics are 0.523, 115%, and 92.8%. The error in the AFs
for the fiber close to electrodes is subdued in the uptake, because much of the error
occurs under the electrodes where concentration reaches steady state in both models.
124
Figure 3.27: Transverse and longitudinal AFs, analytical versus numerical. Nu-
merical AFs are calculated from assuming uniform tissue conductivities, i.e., non-
electroporating tissue. Positions of anode and cathode are marked with ` and a,
respectively. (A) Transverse AFs for the most proximal side of a fiber close to the
electrodes (b  0.48 mm). (B) Transverse AFs for the most proximal side of a fiber
far from the electrodes (b  1.44 mm). (C) Longitudinal AFs for a fiber close to the
electrodes (b  0.48 mm). (D) Longitudinal AFs for a fiber far from the electrodes
(b  1.44 mm).
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Figure 3.28: Longitudinal distribution of molecular uptake along electroporating
fiber: analytical versus numerical AFs. Concentration is reported relative to theo-
retical steady state intracellular concentration ci,ss in the two-compartment model
(Eq. 2.58 in Sec. 2.3.3). Positions of anode and cathode are marked with ` and
a, respectively. Longitudinal distribution of intracellular molecular concentration,
after all the pores have resealed, is shown for a close fiber (b  0.48 mm) (A) and a
far fiber (b  1.44 mm) (B).
Furthermore, for the close fiber, given error is smaller for the transverse AF and that
the transverse AF dominates uptake, the large error in longitudinal AF is not too
important. In contrast, the fiber far from the electrodes does not reach steady state
concentration anywhere along the fiber, and thus error in the AFs has a complete
effect on error in uptake. Regardless, error in both close and far fibers is significant.
Over the entire tissue, uptake using numerical AFs yields 1.3 times, or 30% more
uptake than using analytical AFs.
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4Discussion
4.1 Accounting for Longitudinal and Transverse Effects in the Cable
Equation
The connection between the longitudinal component of the electric field El gener-
ated from the electrodes, and the transmembrane potential of a muscle or nerve fiber,
was made by McNeal129 and Rattay.60 These studies introduced into the classic ca-
ble equation the derivative of El, BEl{Bz as the forcing function, also known as
the longitudinal AF. The longitudinal AF is traditionally expressed as the second
derivative of the primary potential: B2Ψ{Bz2. This dissertation work is in a unique
position to assess the theoretical validity of this approach applied to an electroporat-
ing fiber, because we have rigorously derived our model from the 3D BVP. Equation
2.15, which governs the LO mean transmembrane potential, indeed has the form of a
cable equation with the AF as proposed by McNeal and Rattay. Equation 2.15 uses
as the AF the second derivative of the primary potential averaged over the fiber’s
cross-section, B2 〈Ψ〉 {Bz2, rather than the primary potential evaluated on the fiber’s
axis, B2Ψ{Bz2. However, in practice, this distinction is immaterial: the relative root-
mean-square difference between these two AFs for a fiber 0.18 mm from the surface
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of the electrodes (6/10 of the radius of needles) is about 0.5%, which results in only
a 6.14x10-4% difference in root-mean-square uptake in the entire fiber. Thus, this
work validates the classical method of computing the fiber response to El by using
the longitudinal AF in the cable equation.
Furthermore, this dissertation research introduces an additional term into the
cable equation, Im, that accounts for the effect of the transverse component of the
electric field Et. The effect of Et is accounted for in Im indirectly. First, the effect
of Et on mean-free transmembrane potential φm in the transverse problem is seen in
the transverse AF BrΨ{Bρ in Eqs. 2.13c and 2.13d. Second, Im is computed in part
from φm (Eqs. 2.17 and 2.28), as well as the pore density Nep (Eq. 2.28), which
is also computed in part from φm. Thus, there are two activating functions that
are incorporated into cable equation of the longitudinal problem. The first is the
traditional longitudinal AF, i.e., the term B2 〈Ψ〉 {Bz2. The second is the transverse
AF, i.e., BrΨ{Bρ, which is accounted for by the presence of Im.
In the past, researchers have attempted to account for the effects of Et by mod-
ifying the cable equation in various ways. Studies modeling passive fibers included
a constant term, 2aEt, in the right-hand side of the cable equation, where a is the
fiber radius.67,130 This term is compared to the term Im, and Figs. 3.5A and 3.10A
confirms a nearly constant value for Im in the case of the passive fiber. Undoubtedly,
|Im| would increase for pulses longer than 100 µs as the membrane charges and mag-
nitude of transmembrane potential increases. However, a very different conclusion is
drawn from analyzing the electroporating fiber. As show in Figs. 3.5B and 3.10B,
Im is a dynamic current that reaches magnitudes equal to or greater than the longi-
tudinal AF term. Furthermore, this dynamic increase is different along the length of
the fiber. For regions under the electrodes near z  2.5 mm, where electroporation
drastically decreases the effective resistance of the membrane, Im quickly reaches
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magnitude on the order of longitudinal AF term. For regions of fiber further from
the electrodes, where effective resistance of the membrane remains closer to passive
value, Im evolves in time more slowly. Thus, adding a time-independent term to
the cable equation is not a suitable method of accounting for the effects from Et in
physiological processes like electroporation, where membrane conductance drastically
increases.
Stimulation modeling studies by Wang et al. and Yu et al. have modified the cable
equation by including the mean membrane current Im, which is the same modification
in the cable equation of the asymptotic model.68,131 The only discrepancy is how Im is
computed. In the asymptotic model, Im is computed at all times by solving both the
time-dependent transverse BVP and the cable equation. Yu et al. compute Im from
the steady-state solution of the transverse BVP, and subsequently, compute temporal
changes in Im from solving only the cable equation. Although the approach by Yu et
al. is a simplification, results from simulating the asymptotic model indicate that it
is a fairly well-suited simplification for an electroporating fiber. First, for a fiber close
to the electrodes and longitudinal positions that have very large pore density, Fig.
3.5 indicates there is virtually no change in Im between 4.5 and 100 µs. Thus, Im does
not need to be re-computed after the initial transverse polarization occurring within
4.5 µs. Second, for fibers close and far from the electrodes at longitudinal positions
where pore density is smaller, Fig. 3.5 indicates there are temporal changes in Im
after 4.5 µs. However, for a fiber close to the electrodes, Figs. 3.7 and 3.8 reveals
that at 4.5 µs, most of the current in the transverse direction is circumferential mean
current, not mean-free. Thus, further charging and electroporating of the membrane
after 4.5 µs is approximated well by only solving the 1D cable equation for changes in
mean transmembrane potential. Indeed, for a fiber close to the electrodes at b  0.48
mm with 800 V/cm pulse magnitude, there is only 1.89% difference in total uptake in
the entire fiber by solving only the cable equation beyond 4.5 µs. For a fiber further
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from the electrodes at b  1.14 mm, solving for initial transverse polarization is not
needed at all, given the effect of the longitudinal AF increases total fiber uptake
by 2000% over transverse only model. Although the model proposed by Yu et al.
is fairly well-suited for an electroporating fiber, it is absolutely critical to simulate
the full transverse BVP before 4.5 µs for fibers close to the electrodes. Unlike nerve
excitation, for fiber close to the electrodes, most of the nonlinear membrane dynamics
of electroporation occur on the 4.5 µs time scale of transverse polarization.
4.2 Relative Importance of Longitudinal and Transverse AFs
The accuracy of using only the longitudinal AF has previously been investigated in
modeling passive fibers, where the longitudinal AF has been shown to work well for
larger electrode-fiber distances, but not for smaller distances.67 In the latter case,
effects of fiber polarization from Et must also be considered. Simulations of an elec-
troporating fiber confirm that the effects from longitudinal AF are more pronounced
when the electrode-fiber distance is large. In Sec. 3.2.2 for pulse strength 800 V/cm
and for a fiber far from electrodes at b  1.44 mm, the total uptake within the entire
fiber increases by nearly 2000% when the longitudinal AF is included. This drastic
increase is significantly different to the 0.91% increase for a close fiber (b  0.48)
mm from the electrodes. However, relative importance of the longitudinal AF over
the entire tissue cannot be judged on the single fiber level alone, given that uptake
for a fiber far from the electrodes is very small compared to uptake for a fiber close
to the electrodes. Ultimately, over the entire tissue, the longitudinal AF increases
uptake by 3.95%. For electroporation, it is not enough to know the effect of the lon-
gitudinal AF at a single fiber; the amount of uptake that occurs in that fiber relative
to fibers in the rest of the tissue also is a very important metric. This highlights the
importance of simulating the entire tissue, which up until now has only been done
with models of muscle tissue that do not include individual fiber geometry,76,126 or
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models that do include individual geometry but only for compact cells.55,79
Previous models have shown that a threshold value of the magnitude of electric
field is an indicator of reversible electroporation, with decent comparison to experi-
ments.29,30 In Sec. 3.3.2 it was found that total tissue uptake could be predicted well
using threshold field magnitude approach. However, the threshold field magnitude
that provided the best fit to actual uptake simulations included not only the regions
of tissue that attained steady state intracellular concentration, but also regions that
attained at least 11.7% of the steady state intracellular concentration. Tissue uptake
results in Fig. 3.11 show that the longitudinal AF is responsible for smaller uptake
in part of the tissue. In fact, even though steady state intracellular concentration is
not reached in these regions, excluding them results in total tissue uptake error of
3.95% for pulse strength of 800 V/cm, and at most 10% for pulse strength of 400
V/cm.
It is worth considering the practical significance of the longitudinal AF contribut-
ing at most 10% to molecular uptake in the entire tissue. Grafstrom et al. performed
experiments on the gastrocnemius and soleus muscles of rats using very similar puls-
ing protocols as specified in the model in Table 2.3.31 Among experiments on different
rats, the relative standard deviation in molecular uptake ratio over the entire tissue
was about 6%. Thus, in terms of reproducing experimental results, the maximum
percent increase in uptake from including the longitudinal AF is on the same order
as experimental variability, and by this measure is not very important to include
in simulations of molecular uptake. However, it should also be noted that all other
studies of electroporation-mediated uptake in muscle tissue do not take into account
individual fiber geometry.29,76 These studies base electroporation on field strength.
From this perspective, it would be desirable to use the asymptotic electroporating
fiber model, as it may more accurately measure the effect from the transverse com-
ponent of the field, given that the transverse AF is actually calculated from 3D
131
cylindrical geometry. This topic is discussed in Sec. 4.3.2.
The ultimate practical comparison is to find the change in protein expression
from delivering DNA by including or excluding the longitudinal AF. However, the
results obtained in this work for delivery of a small molecule cannot be assumed to
apply for large molecules such as DNA for many reasons, as discussed in Sec. 4.4.4.
With that being made clear, it is worth noting that electrotransfer experiments in
cell suspensions show that for every unit increase in µg / mL of DNA there is an
amplified increase by as much as two-fold in expression, but the amplification factor
may not be constant for all concentrations of DNA.132,133 Even if uptake of DNA were
added to the asymptotic electroporating fiber model, further research would need to
be conducted to connect intracellular concentration of DNA to actual expression,
which is the quantity measured in experiments and of the most importance in gene
therapy.
Another practical consideration in evaluating the potential benefits of enhancing
tissue-wide uptake from including the longitudinal AF is the spatial distribution of
this enhancement in the tissue. For fibers close to the electrodes, the longitudinal
AF enhances uptake only near the ends of the fibers, as shown in Fig. 3.11C. It
is initially unclear if it is important to enhance uptake just near the ends of the
fibers. Considering that on average there is a nucleus every 0.01 to 0.03 mm along
the fiber, increasing the intracellular concentration over a length of fiber just 0.5
mm covers between 16 and 50 nuclei.120 Once again, the results in this work cannot
be linked directly to DNA uptake, but the positions of nuclei and how the spatial
distribution of the increase in uptake due to longitudinal AF would be one of the
practical considerations in modeling DNA uptake.
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4.3 Model Variations: Effect on Uptake and Importance of Longitu-
dinal AF
4.3.1 Orientation of Electrodes
It is clear that orienting the electrodes transverse to the direction of the fibers is
more efficient than longitudinal orientation: doing so increases the uptake by 75%.
A similar trend is found by Zupanic et al. in computer simulations of two electrodes
in muscle tissue, where increase from orienting electrodes transversely results in a
20% increase in their objective function.103 Their objective function took into ac-
count minimizing the volume of tissue that achieves irreversible electroporation, and
maximizing the volume of tissue that achieves reversible electroporation, based on
a field strength threshold approach. Reversible and irreversible electroporation field
thresholds were determined from matching current calculated in model to current
measured in experiments, similar to the procedure described in Sec. 2.4. While the
asymptotic electroporating model does not account for irreversible electroporation,
it does account for two key effects not taken into account by Zupanic et al.: simula-
tion of individual fiber geometry and molecular uptake mechanisms. It may be that
without modeling individual fiber geometry, the importance of electrode orientation
is underpredicted.
Results from the asymptotic fiber model offer new mechanistic interpretations for
why transversely oriented electrodes may provide more efficient uptake. First, the
transverse AF is the primary influence on molecular uptake, given that it charges
the membrane very fast, and effectively preempts charging of the membrane via the
longitudinal AF. Orienting the electrodes in the transverse direction establishes a
significant transverse AF for tissue between the electrodes, given that the electric
field is generally more aligned with the direction normal to the membranes of the
fibers. Second, uptake results show that the transverse orientation yields larger
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region of tissue with moderate uptake, which contributes more significantly to total
uptake than for the longitudinally oriented electrodes case. Effectively, the transverse
orientation allows for a larger region of the tissue to have at least a small to moderate
amount of uptake, offering more effective uptake compared to longitudinal electrodes.
This observation may imply that electrodes should be positioned transverse to the
fibers so that they span the entire thickness of the muscle tissue to be permeabilized,
which corroborates other simulation studies where individual fiber geometry and
membrane dynamics are neglected.103 Finally, it is worth noting that in experiments,
the effects of electrode orientation on molecular uptake is often not considered, and
the findings of this study and Zupanic et al. provide motivation for future studies
to include orientation as a parameter in studying and optimizing uptake in drug
delivery.
4.3.2 Pulse Strength and Comparison to Other Models and Experiments
The fact that the increase in tissue-wide uptake from including the longitudinal AF is
a constant value for all field strengths (Fig. 3.14) may point to a powerful generaliza-
tion. It may be the case that only effects from the transverse AF need be simulated,
and then simply a constant added to the uptake to account for the longitudinal AF.
Certainly, for larger pulses where total uptake is very large, researchers would be
justified in neglecting effects from the longitudinal AF altogether. Further studies
would need to be performed in order to test if this constant increase in uptake is
robust with respect to different pulsing protocols and tissues.
The linear increase in total uptake is closely tied to the nearly identical increase
in percent of tissue that is exposed to a threshold value of electric field |E|th, as
shown in Fig. 3.15. Therefore, it appears that increasing the pulse strength exposes
a larger region of tissue to at least |E|th, the size of this region of tissue increases
nearly linearly with pulse strength, which explains the linear relationship between
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total uptake and pulse strength. Thus, previous models of electroporation-mediated
uptake in muscle tissue that base uptake on |E|th appear to be appropriate for
predicting total uptake in the tissue. However, it should be noted that predicted
uptake is highly dependent upon choice of |E|th. If the optimal value |E|th  483
V/cm used in Sec. 3.3.2 is increased by only 5.8%, then average relative difference
between the full uptake model and the field threshold model increases from 3.31%
to 10.2%. Furthermore, the field threshold model predicts a different shape for
the region of uptake in the tissue, where more uptake is predicted exactly midway
between the electrodes, compared to the full uptake model. Fig. 3.11 reveals that the
lack of uptake midway between electrodes is a transverse phenomenon, and provides
evidence that the transverse AF derived in Sec. 2.1.2 behaves differently than |E|
traditionally used in the literature.
The trends observed in simulations of total tissue uptake as a function of pulse
strength agree with experiments on uptake of small molecules in soleus muscle of
rat performed by Grafstrom et al. and Engstrom et al.31,32 First, the uptake ratio
measured in simulations and experiments are both nearly linear functions of field
strength, and furthermore, these linear functions never differ by more than 5% over
all pulse strengths (Fig. 3.17). Linear relationship between uptake and pulse strength
has also been observed for other small molecules in muscle.30 Furthermore, simu-
lations show that increasing pulse strength results in a larger region of tissue over
which uptake occurs, but not an increase in the intracellular concentration value in
pre-existing regions of uptake at low pulse strengths (Fig. 3.13). This exact same
mechanism was observed in experiments.32 However, one discrepancy between the
model and experiments is that the field threshold |E|th  483 V/cm found in Sec.
3.3.2 for electropermeabilization is six-fold larger than reported in experiments.29
The discrepancy is likely due to using electroporation parameters based on artificial
lipid bilayers, not muscle, as discussed in Sec. 4.4.1.
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Understanding that increasing pulse strength increases uptake by exposing a
larger region of tissue to steady state uptake provides a lesson for design of elec-
trodes, where the geometry of the electrodes impacts the distribution of the field
throughout the tissue. If the primary purpose of larger field strengths is to create
a larger volume of tissue where pore density is great enough to allow intracellular
concentration to reach steady state value, then perhaps smaller field strengths may
be used by creatively designing electrodes to spread out electroporation over a larger
region of tissue. Certainly, there is a core region of tissue where molecular uptake
reaches steady state even at the lowest pulse strength of 400 V/cm (Fig. 3.13).
Thus, energy is wasted in this region for all field strengths greater than 400 V/cm,
because this region cannot attain greater uptake than it already has. In essence,
it would appear better to spread out the effect of the electric pulse over tissue vol-
ume, decreasing electroporation near the electrodes and increasing it further from
the electrodes, ultimately creating a more uniform field.
One solution may be electrode designs that have a larger surface area. However, if
needle electrodes are used this increase in surface area must be balanced with increase
pain and physical damages to muscle from inserting thicker needles into tissue. In
the extreme, parallel plate electrodes may be better designs for increasing molecular
uptake in electroporation-mediated molecular uptake. Other published studies have
indicated that uptake may occur at lower pulse magnitudes when using electrodes
with more surface area, such as plate and spatula electrodes.30,134 However, plate
electrodes must be applied across the skin, or the skin must be entirely removed,
which poses practical barriers for use on humans. Nevertheless, the results here
indicate that for a given pulse strength, creating a more uniform field throughout
the tissue may extend the reach of membrane charging to areas of tissue where
intracellular concentration has not yet reached steady state, while not compromising
concentration reaching steady state in the vicinity of the electrodes.
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Further qualitative comparisons of results in Chapter 3 can be made to experi-
ments when considering the time scale of membrane charging and electroporation.
First, charging of the muscle fiber membrane via transverse current leads to a drastic
increase in membrane conductance on the order of microseconds for regions of mem-
brane close to the electrodes (e.g., Fig. 3.3). In general, the time scale of the increase
in membrane conductance due to creation of pores is dependent on pulse strength,
and these dynamics have typically only been studied in compact cells. Taking this
into account, it is worth noting that a drastic increase in membrane conductance
within microseconds has also been observed experimentally in unfertilized sea urchin
eggs in the presence of electric fields on the order of hundreds of V/cm.135,136 Sec-
ond, membrane charging beyond a few microseconds was observed in the asymptotic
fiber model for regions of membrane not electroporated by transverse currents (e.g.,
Fig. 3.8), and this long time scale of charging has also been observed experimen-
tally in the passive response measurements of muscle fibers.137 Sec. 4.4.1 compares
the theoretical time scale of the post-pulse decrease in membrane conductance to
experimental results.
4.3.3 Interfiber Distance
Results in Sec. 3.3.3 indicate that interfiber distance has an impact on the enhance-
ment in uptake from the longitudinal AF. Variations in interfiber distances does
occur naturally in muscle tissue. It is estimated that the relative standard deviation
in interfiber distance can be as high as 89%.138 One source of variation may the
distributed presence of blood vessels throughout the muscle tissue, as shown in Fig.
1.2C for the capillaries.20,121 In a transverse cross section of tissue, it was found that
there is at least one capillary per muscle fiber, and the position of the capillaries in
the interstitial space will locally change the interfiber distance.20,121 Where these
capillaries are present, the interfiber distance is not solely controlled by the diam-
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eter of erythrocytes, given that these cells can squeeze through capillaries. In fact,
experiments show that although the diameter of erythrocytes may be as large 7 µm,
most of the cells are able to pass through a channel only 2.9 µm in diameter.
Therefore, the range of interfiber distances in Sec. 3.3.3 include both extremes
(1 and 7.5 µm), as well as a more moderate value of 3.75 µm. However, it would be
misleading to use the moderate value of interfiber distance, given that capillaries do
not line the entire circumference of the fibers, and therefore many angular positions
around the fiber would have an interfiber distance close to 1 µm, as confirmed by
images of muscle cross sections in Fig. 1.2.106,121 Ultimately, the increase in tissue-
wide uptake from the longitudinal AF may not be as much as 3.95% as observed
when the interfiber distance is 1 µm, yet it is expected that it would not drop below
0.823% as seen with interfiber distance of 3.75 µm. Certainly, the absolute lowest
bound would be 0.267% as seen for interfiber distance of 7.5 µm.
4.3.4 Nonuniform Tissue Conductivities Due to Electroporation
Results in Sec. 3.3.4 reveal a couple of important differences in molecular uptake from
using nonuniform tissue conductivities compared to uniform conductivities. First,
both at the fiber and tissue levels, the longitudinal AF has less effect on molecular
uptake from using nonuniform tissue conductivities compared to uniform tissue con-
ductivities. Effectively, in the nonuniform case, the magnitude of both the transverse
and longitudinal AFs are increased in the region of fiber where the longitudinal AF
has an effect on molecular uptake. For the fiber close to the electrodes this region
is near the ends of the fiber (Figs. 3.24C and 3.25B), and for the fiber further away
it is over an even greater length of the fiber (Figs. 3.24D and 3.25C). Given that
the transverse AF charges the membrane orders of magnitude more rapidly than the
longitudinal AF, and by doing so mitigates the effect from the longitudinal AF, it
is the increased magnitude of the transverse AF that dominates over the increased
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magnitude of longitudinal AF in terms of inducing uptake. Still, on the entire tis-
sue level, the relative increase in uptake due to the longitudinal AF only differs by
approximately 7% between uniform and nonuniform tissue conductivities models.
The second result from Sec. 3.3.4 is that the model using nonuniform tissue
conductivities predicts 8.3% more uptake than the uniform conductivities model.
Certainly, the direct practical significance of 8.3% is difficult to conclude, as discussed
more generally at the end of Sec. 4.2. However, indirectly, the significance of this
finding lies in the mechanism by which the nonuniform tissue conductivities model
simulates more uptake. Relative to the uniform tissue conductivities model, the
nonuniform conductivities model lowers the field and derivative of the field in the
vicinity of the electrodes, while it increases it at more distal regions of the tissue.
This process essentially creates more uniform membrane charging throughout the
tissue, reducing charging for regions of tissue near the electrodes where steady state
intracellular concentration has already been reached, and increasing charging for
distal regions of tissue where steady state has not been reached. This mechanism may
provide a clue for enhancing efficiency of molecular uptake. If the tissue conductivity
can be increased locally around the electrodes before treatment with electric pulses,
then molecular uptake over the entire tissue may be increased. For example, it may
be interesting to evaluate the change in uptake from pretreating the region of tissue
with concentrated salt solution where electrodes are to be inserted. However, it
should also be noted that changing concentrations of ions has been shown to effect
electroporation at the membrane level, so these changes would have to be taken into
account too in evaluating pretreatment of tissue.56
The accuracy of the computed 7% difference in importance of the longitudinal AF
between uniform and nonuniform models should be called into question, given it was
found using numerical solutions of the AFs, which are prone to large numerical er-
rors. First, individual fibers are considered. Using numerical AFs for uniform tissue
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conductivities, the percent increase in uptake from the longitudinal AF for a fiber
close to the electrodes is 0.0230%, compared to 0.91% using analytical AFs. The
same values for a fiber far from the electrodes are 93.2% and 2000%. Thus, for both
fibers close and far from the electrodes, the increase in uptake due to longitudinal
AF can differ by a factor between twenty and forty from error in computing numer-
ical AFs. However, for tissue-wide uptake using uniform tissue conductivities, the
numerical AFs predict 3.51% increase in uptake due to longitudinal AF compared
to 3.95% using analytical AFs, which only differ by a factor of a little more than
one. Therefore, at the level of individual fibers, the computed relative importance
of the longitudinal AF between using uniform and nonuniform tissue conductivities
has very little accuracy. At the tissue level results are a little more trustworthy, but
still riddled with error.
Comparing numerical to analytical AFs in Fig. 3.27 and resulting uptake in Fig.
3.28 reinforce the aforementioned observation that numerical error is debilitating
at the individual fiber level. Furthermore, at the tissue level, total uptake differs
by a factor of a little more than one, as was found when considering the effect
of the longitudinal AF above. Thus, in terms of total tissue uptake, there is still
significant error from numerical computation of AFs. The nature of electroporation
does offer some evidence that numerical error may not be completely intractable as
computational power continues to increase. While the longitudinal AF exhibits very
large numerical error under the electrodes for a fiber close to the electrodes, the
effect on uptake is mitigated due to the dominance of the transverse AF under the
electrodes. The longitudinal AF exhibits less numerical error under the electrodes
for a fiber far from the electrodes where it actually does play a larger role in uptake.
Furthermore, the fact that over the entire tissue the first derivative in the transverse
AF is the dominant mechanism governing uptake is encouraging, given there is less
error compared to the second derivative in the longitudinal AF. Note that the original
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definition of the AF by Rattay allows for analytical and numerical expression of the
AF, so that derivatives from numerical solutions of primary potential are also valid
AFs.61
4.4 Assumptions, Limitations, and Future Directions
Major assumptions used in the asymptotic electroporating fiber model that highlight
important limitations in the model are discussed in this section. Based on these
limitations, future directions for development of the model are also discussed. To
enhance readability, the flow of subsections below start with assumptions made at
the membrane level, and subsequently move to those made at the tissue level.
4.4.1 Electroporation Parameters and Dynamics
Parameters for electroporation in Eqs. 2.30-2.31 listed in Table 2.3 are based on
experiments performed on uranyl modified black lipid membranes (BLMs) and un-
fertilized sea urchin eggs.54,100 However, other studies base these parameters on
experiments performed on skeletal muscle. Of particular importance are the rate
of pore creation (α) and the characteristic voltage of electroporation (Vep). Studies
find that α may be between two-fold and two orders of magnitude larger than given
in Table 2.3, and that Vep may be one-half as large.
57,139 Furthermore, Stewart et
al. increased the radius of the pores rm from 0.8 nm to 20 nm to fit experimental
membrane current curves for muscle membrane.57
These parameters were changed in Eqs. 2.30 and 2.31 to the most extreme values
reported: where α was increased by two orders of magnitude, Vep was reduced by
half, and rm was increased to 20 nm. The asymptotic electroporating fiber model
was simulated using pulse strength 2|V0|{d  800 V/cm (a typical pulse strength
in experimental studies, and same strength used for results in Secs. 3.1 and 3.2),
and the result is that the percent increase in tissue-wide uptake from including ver-
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sus excluding the longitudinal AF approaches the order of machine error: 1x10-12%.
This extremely small increase also holds for individual fibers close and far from the
electrodes. Ultimately, the fast pore creation rate and small threshold for electropo-
ration, coupled with much larger pores, means that the entire tissue reaches steady
state intracellular concentration regardless of the inclusion of the longitudinal AF.
This behavior is qualitatively different than the results in Chapter 3, where there still
remained regions of tissue that did not reach steady state intracellular concentration,
both from including or excluding the longitudinal AF.
While these results show that the relative contribution of the longitudinal AF
is strongly dependent on choice of parameters in electroporation model, it cannot
be determined if the muscle electroporation parameters found by Stewart et al. are
entirely accurate. The parameters were found from a model of electroporation that
assumes the pores to do not grow, and thus, the increase of pore radius from 0.8
to 20 nm does not coincide with theoretical considerations involved in derivation of
the asymptotic equation for pore creation (Eq. 2.30).48 Furthermore, setting radius
of pores to a static 20 nm is not supported by other experiments, which indicate
that electropores admit molecules with a hydrodynamic radius as large as 52 nm.84
Furthermore, one study used rapid-freezing electron microscopy to visualize volcano-
shaped pores as large as 120 nm in red blood cells after exposure to an electric
field.140
It is likely that different optimal values for α and Vep would be found from fit-
ting muscle experiments to a model of electroporation that includes growing pores.
Experiments on the semitendinosus muscle of a frog, as well as CHO cells and unfer-
tilized sea urchin cells, indicate membrane conductance decreases with at least two
different time scales after the pulse is turned off: milliseconds and seconds.14,141,142
In consideration of theoretical studies, the millisecond time scale is hypothesized to
be the fast decrease in the radii of electropores.53 The slower time scale of seconds
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is hypothesized to be from actual resealing of the pores into an intact membrane,
and was found mathematically in Eq. 2.51.53 Incorporating a growing pores version
of the electroporation model in fitting parameters to muscle experiments may reveal
that α is lower than predicted by Stewart et al.,57 given that the decrease in mem-
brane conductance on the order of milliseconds may be covered by shrinkage of pores
rather than resealing of pores.
While optimization of parameters α and Vep to muscle experiments has not been
performed in a growing pores model of electroporation, results from electroporation
models with growing pores that do not fit parameters to experiments provide some
interesting insights. Filev et al. published a modeling study on spherical cells using
the growing pores version of the asymptotic model of electroporation that reveal two
interesting phenomena.53 First, while large pores (23 to 419 nm radius) comprise only
about 2% of pore population compared to the 98% for small pores ( 1 nm radius),
they contributed 66% to increased cell conductance from the electroporation process.
Second, these large pores form on the border of the electroporated regions of the cell,
not at the depolarized and hyperpolarized poles where small pores form.
These two findings have extremely interesting implications for molecular uptake
in the muscle fiber. Given that large pores form on the border of electroporated
regions of the cell, then these pores form not where the largest membrane charging
occurs, but where a “moderate or small” amount of charging occurs. In the asymp-
totic electroporating fiber model, for a fiber close to the electrodes, these regions of
moderate charging occur near the ends of the fiber, as shown by the two arrows on
top in Fig. 3.4A. Furthermore, pore creation in these regions is dominated by the
longitudinal AF. Given that Filev et al. found that large pores dominate the in-
crease in conductance from electroporation in the spherical cell,53 including growing
pores in the muscle fiber model may increase the relative contribution of the longi-
tudinal AF to molecular uptake. However, the impact may not be too large, given
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that molecular uptake occurs via diffusion through pores during the seconds after
the pulse is turned off, and Filev et al. found the large pores shrink to small pores
within only 0.5 ms of the pulse being turned off. Including growing pores would
also allow study of the spatial and temporal uptake of large molecules such as DNA.
Current results suggest that uptake of these large molecules may occur later in the
pulse near the ends of the fiber due to the long time scale of membrane charging
via the longitudinal AF creating and growing pores near the ends of the fiber. Ulti-
mately, electroporation with growing pores would add complex dynamics that may
lead to unexpected results, and thus would be a logical next step in building upon
the current version of the asymptotic electroporating fiber model.
4.4.2 Additional Membrane Dynamics
The only nonlinear membrane process included in the model is electroporation. In
reality, the membrane of the muscle fiber is much more complex, including transverse
tubules (T-tubules) that carry electrical currents inside the fiber, and ion pumps and
channels involved in generating action potentials. Simulating these components of
the membrane is outside the scope of the current work, yet their potential significance
is briefly reviewed here. The T-tubule system has been shown to have a small effect
on action potential duration in a cardiac fiber, which supports the possibility that
they may have a small effect in an electroporating muscle fiber.143 The level of detail
in modeling electrical properties of muscle fibers needs to be increased in order to
describe the electrical repercussions of these complex networks of tubules. Such
complex models may become tractable as the computational power of workstations
continues to increase.
Electrical properties of action potentials, on the other hand, are widely studied
and relatively well-characterized. Still, modeling studies that combine electropora-
tion and excitation are limited. One such study investigates the interplay between
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electroporation and the action potential in the transmembrane potential (Φm) of a
1D cardiac fiber, using similar equations for electroporation current and creation of
pores as Eqs. 2.29-2.31.139 In these studies, membrane excitability was character-
ized by the Luo-Rudy dynamic model, and the effects from including or excluding
electroporation current were investigated. It was found that without modeling elec-
troporation, the relative root mean square error between simulations and experiments
was 73.5%, but by including electroporation error was reduced to 4.27%. Without
electroporation, the saturation of Φm observed in experiments could not be captured
in the model. The ionic currents involved in excitation do effect the ability of the
model to quantitatively predict Φm, however, if only the electroporation current is
used the model exhibited very high qualitative agreement with experiments.
Another method of estimating the effects of including excitation currents in an
electroporating muscle fiber is to consider the magnitude change in Φm and mem-
brane conductivity due these currents. During an action potential Φm typically
increases on the order of 100 mV. Given the exponential dependence of pore creation
on Φm (Eq. 2.30), excitation current may have significant effects on the dynamics
of electroporation. This effect may be especially pronounced if electroporation pa-
rameters are optimized for muscle, given that electroporation occurs faster and at
smaller Φm in biological membranes compared to artificial lipid bilayers used in this
work.57,139 On the other hand, the membrane conductance increase during excita-
tion is significantly smaller and for shorter duration than during electroporation: 1-2
orders of magnitude for a few milliseconds, compared to 3-4 orders of magnitude for
as long as seconds during electroporation.114,144,135 Ultimately, there is reason to
believe that including excitation currents in the asymptotic fiber model may yield
some quantitative change in electroporation and molecular uptake, but the qualita-
tive trends are not expected to change drastically. Still, including excitation would
be an interesting and relevant addition to the asymptotic fiber model.
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4.4.3 Molecular Transport From Blood Vessels to Muscle Tissue
Reduction of the full conservation of mass equations to simpler two-compartment
equations in Sec. 2.3.2 neglects transport from a third compartment: the capillaries
and other blood vessels in skeletal muscle tissue. In electroporation-mediated de-
livery of small molecules in rat thigh muscle tissue performed by Grafstrom et al.
and Engstrom et al.,31,32 the molecules are injected into the bloodstream prior to
electroporation, and thus the vessels in the muscle represent a third compartment
for transport. Justification is given in Secs. 2.3.2 and 2.3.3, as well as Appendix E,
for the initial conditions being that molecular concentration is uniform in the extra-
cellular space. It is also assumed that the vessels act as an endless reservoir for the
molecule, where the concentration is not depleted in the vessels as molecules move
into the extracellular space of the muscle. In general this is not true, as shown by
pharmacokinetic experiments and modeling of small molecules in a rat,145 but over
the 8.5 s time scale that pores are open and molecular transport occurs (Sec. 2.3.2),
the molecular concentration of small molecules in the plasma of a rat is relatively
constant.145
While the initial conditions of molecular concentration is addressed, the fact that
blood vessels continue to supply molecules to the extracellular space as molecules
move into the intracellular space has not been addressed. In short, the blood vessel
“source” of molecules after time 0+ is neglected from the molecular uptake model.
One method to determine this source of molecules is to fit a triexponential function
to diffusion of molecules in MRI studies.146,147 In one particular study of the pharma-
cokinetics of methotrexate by Bishchoff et al.,145 rat muscle transport is assumed to
have three compartments: intracellular, extracellular, and tissue vasculature (e.g.,
capillaries).115 By assuming no transport between extracellular and intracellular
compartments, and that concentration is at steady state between capillary and ex-
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tracellular compartments of muscle, they found an ODE for the exchange of molecules
between the blood plasma in arteries and the extracellular space of muscle, with pa-
rameters fit to experiments.115,145 This provides a source that may be added to the
existing two-compartment model in Sec. 2.3.
To test the error from neglecting the source term of molecules from blood vessels,
an extreme version of the asymptotic model of electroporation-mediated delivery was
simulated, where extracellular concentration of molecule remains constant in time as
uptake occurs. The extracellular concentration remains constant due to instanta-
neous refilling of molecules from vessels, and as previously stated the concentration
in the vessels is assumed to be constant in time. Although this scenario is unrealis-
tic, it provides an estimate of the maximum error from neglecting the source term
from the blood vessels. Results show that for pulse strength 2V0{d  800 V/cm,
the enhancement in uptake from the longitudinal AF over the entire tissue is only
0.52%, compared to 3.95% when the source from the arteries is neglected (Sec. 3.2.3).
Therefore, neglecting the source from the arteries may overestimate the effect of the
longitudinal AF in tissue-wide uptake by as much as a factor of 8, and a similar
overestimation factor is found for other pulse strengths between 400 and 1000 V/cm.
The longitudinal AF plays a smaller role in uptake when a source of molecules is
considered because the source increases the steady state intracellular concentration
value and time needed to reach this steady state value (substitute ce  co for Eq.
3.10, and use in Eq. 2.57a). Thus, the much larger pore density created in the
vicinity of the electrodes from the transverse AF has a direct effect on uptake, given
that uptake does not level off at steady state concentration, as was the case in Fig.
3.4C. This amplifies the effect of transverse charging on uptake, and thus mitigates
the effect from the longitudinal AF on uptake.
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4.4.4 DNA Uptake
The most important molecule delivered to muscle fibers from a therapeutic perspec-
tive is DNA, and is thus a logical future alteration to the asymptotic fiber model.
One of the most noticeable differences in modeling DNA is that the molecular weight
can reach three to four orders of magnitude larger than the 400 Da molecule consid-
ered in this research, which has a couple of consequences in modeling. First, to model
electropores large enough to admit DNA, the growing pores version of the asymptotic
model of electroporation must be used instead of the non-growing pores version cur-
rently implemented (see Sec. 4.4.1).49,51 Given that larger pores have been shown
to form on the periphery of the electroporated regions in cells, the growing pores
model with DNA may show that more uptake occurs in the periphery regions simply
because this is the only region where pores are large enough to admit DNA.53 For
the muscle fiber, the peripheral regions are highly affected by the longitudinal AF,
which may amplify the role of the longitudinal AF for DNA uptake.
The second consequence of modeling large DNA molecules is that transport via
diffusion is very small compared to electrophoretic transport.24,148,149 It would simply
not be possible to remove the electrophoretic transport from either the transport in
the volume spaces or the transport flux at the membrane (Secs. 2.3.2 and 2.3.3). This
is exceptionally true given pulse protocols for DNA uptake are on the order of mil-
liseconds instead of microseconds used for small molecules.24,28,17 In electroporation-
mediated experiments, the DNA is injected intramuscularly, and thus whole-body
pharmacokinetic analysis is less important for delivery, and the primary focus is
placed on transport in the interstitial space and across the membrane.21,23,28,150,151
Since diffusion transport is so small, assuming uniform initial interstitial concentra-
tion of molecules before the pulse is turned on may no longer be justifiable, as argued
in Sec. 2.3.3 for small molecules. Even with typical electrotransfer millisecond pulse
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durations at a few hundred V/cm, DNA may only move a few micrometers, and thus
may not justify assuming concentration is always uniform in the direction transverse
to fibers.148,152 If this is the case, removal of dependence of molecular concentration
on ϕ and ρ would not be possible (the well-mixed condition in Sec. 2.3.2). It may
still be possible to remove longitudinal transport in DNA uptake, given that DNA
is not very mobile even during pulses.
Besides sheer size of DNA molecule, there are a number of other unique proper-
ties of DNA and electrotransfer that may need to be considered in modeling DNA
uptake. First, it has been shown that there is a membrane adsorption phase in the
internalization process of DNA, which may need to be considered.88,89 This process
may slow down transport, or provide a limiting step. Second, DNA is a polymer
and behaves differently than a compact small molecule. For example, it has also
been suggested by Henshaw et al. that DNA movement in interstitial space may
have multiple phases, involving stretching in the presence of an electric field that de-
creases the effective radius of gyration, and relaxation between pulses that increases
the effective radius of gyration.153 This extra process in uptake may reduce the effec-
tive movement of DNA in the interstitium and across the membrane through pores.
Interestingly, an endocytosis process has been suggested that occurs on a time scale
several orders of magnitude longer than the time scale of the existence of pores large
enough to admit DNA may play a role in uptake of DNA.89,154 It is possible that
modeling uptake only via electroporation captures only part of the process of DNA
uptake.
4.4.5 Periodicity of Fibers
At the level of individual fibers in tissue, the assumption that that fibers are ar-
ranged in a periodic structure is an oversimplification of the fundamental geometry
in biological tissue. As discussed in Sec. 4.3.3, the are large deviations in interfiber
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distance in tissue. Furthermore, Fig. 1.2A reveals that the effective diameter of
fibers varies from fiber to fiber, and that there are regions of connective tissue or
large blood vessels between fascicles where interfascicle distance is much larger than
interfiber distance. Still, the average interfiber distance is not expected to increase
by too much given that the total area occupied by these regions is smaller than the
area occupied by fibers within a fascicle, and the variation in interfiber distance to a
maximum of 7.5 µm in Sec. 3.3.3 may be enough to cover the contribution of these
larger interfiber distances.
Additionally, the aperiodic structure of muscle fibers is especially prominent in
the vicinity of the electrodes, where the displacement of fibers from insertion of the
needles is likely to push fibers together and decrease interfiber distance. In this case,
from trends observed in Fig. 3.22, the increase in uptake from the longitudinal AF is
expected to be amplified. Not only does the presence of the electrodes compact fibers,
but the fibers also bend around the electrodes. Bending of the fibers is not unique to
the site of needle insertion, as fibers also bend between the tendons they are attached
to. Bending of the fiber may tend to decrease or increase the angle between the vector
normal to the membrane and electric field vectors generated from electrodes. In the
former case, the transverse AF magnitude would be larger, and in latter case it would
be smaller. Bending may also affect the magnitude of the longitudinal AF. Finally,
electrical pulses may cause muscle contraction, decreasing the interstitial space in
certain regions of tissue, which would introduce a temporally-dependent aperiodic
nature to the arrangement of fibers.85
Ultimately, to accurately model the effects of fiber bending, a numerical model
would need to be developed with fiber geometries based on detailed geometries in
muscle tissue. One of the primary barriers is the computational power needed to
solve a full tissue model of multiple fibers in 3D. Aperiodic models of liver cells
have been developed that simulate the dynamics of electroporation in 2D for a small
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tissue space on the order of microns, but have yet to be extended to muscle fibers in
3D with tissue dimensions on the order of millimeters.55,79 Intricate 3D geometries
of tissue have also been simulated using finite element modeling, yet these models
do not include individual cell geometry.76,126 As computational power of personal
workstations increase, full 3D spatiotemporal models of muscle tissue with aperiodic
and complex individual fiber geometry may become more feasible.
4.4.6 Damage to Fibers
Damage to individual fibers has also been reported in other studies, but is not ac-
counted for currently in the work presented here. Insertion of the needles during
in vivo procedures can damage muscle around the needles. Damage can be reduced
by making electrodes thinner, however, thinner electrodes concentrate the field more
locally in tissue and can result in increased damage from the pulse.85 Damage to the
fibers closest to the electrodes has the greatest effect on tissue-wide uptake, given
these are the fibers where the most uptake occurs. In general, the extent of damage
to muscle once the pulse is turned on is dependent on electrode type, pulse magni-
tude, and pulse duration, with larger pulses and longer durations yielding the most
damage.23,30,150,155 In delivery of DNA, it has been shown that the presence of for-
eign DNA in the intracellular space and expression of this DNA plays a role in fiber
damage, although the mechanism is not well understood.150 Other explanations of
muscle damage include Joule heating, irreversible electroporation in the membrane of
the cell or constituent organelles, and conformation changes in ion channels.7 While
muscle damage may reduce optimal delivery of molecules, it is suggested that damage
does not pose an insurmountable barrier. In one study it was shown that the damage
to muscle fibers is only temporary, and two weeks after electropermeabilization that
fibers appeared mostly normal.23
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4.4.7 Effect of Electroporation on Tissue Conductivities
Sec. 3.3.4 of the Results presents an elementary analysis of the error from assuming
tissue conductivities are uniform. Two major simplifications are made, yet these
simplifications err on the side of overestimating the effect from changing tissue con-
ductivities due to electroporation. First, the region of elevated tissue conductivities
is assumed temporally static, whereas in experiments the region of elevated con-
ductivities dynamically increases. The region is defined as the maximum region of
tissue with elevated conductivities due to electroporation observed in previous ex-
periments and modeling studies.103,124,156 Smaller regions of increased conductivity
during the process of electroporation would yield smaller perturbations in calcu-
lated AFs. Assuming a constant large region of elevated conductivities throughout
entire simulations, as in this study, is expected to overestimate the effect from elec-
troporation. A second assumption used is that there are only two possible values of
tissue conductivities, whereas in experiments the tissue conductivities evolve through
many different values. Assuming maximal change in conductivities in the asymptotic
electroporating fiber model allows for the greatest perturbations in the AFs due to
electroporation.126
One indication that these simplifications are not too extreme is found in observ-
ing the changes in the AFs between uniform and nonuniform tissue conductivities.
As observed for transverse and longitudinal AFs in Figs. 3.24 and 3.25, including
nonuniform tissue conductivities tends to decrease the magnitude of transverse and
longitudinal AFs in the direct vicinity of the electrodes, while increasing them at
more distal locations in the tissue. In essence, increasing the conductivities makes
the electric field and the derivative of the field more uniform throughout the entire
tissue. This same effect is also seen in other modeling studies on muscle and other
tissues,.125,29,103,55 Therefore, the qualitative trends in other studies are captured
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even with the simplifications used in this study.
Nevertheless, a complete understanding of the qualitative and quantitative changes
in molecular uptake and effects from the longitudinal AF would only come from ma-
jor additions to the asymptotic electroporating fiber model. A revised algorithm is
proposed, which builds on the numerical implementation of the model given in Sec.
2.1.4. Steps already given in Sec. 2.1.4 are summarized and condensed in order to
highlight additions to the algorithm that account for dynamic tissue conductivities,
given in italics below. Now that electroporation affects the tissue-wide conductivi-
ties and AFs, all fibers in the tissue must be solved simultaneously at each time step
before proceeding to the next time step.
Outside time loop, for all fibers in tissue :
1. Set initial conditions at t=0:
(a) Set all mean potentials to Vrest, all mean-free potentials to zero, and pore
density in the membrane to zero
(b) Set transverse and longitudinal tissue conductivities (σt and σl) to their
spatially uniform passive values, i.e., values assuming no electropores present
At each time step within time loop:
1. Compute membrane conductivity σm in z and ϕ for all fibers in tissue, by
converting Eq. 2.28 to conductivity
2. Numerically solve for primary potential Ψ over entire tissue, taking into account
local changes in membrane conductivity σm due to electroporation (see text
below for more details)
3. Do for all fibers in tissue
153
(a) Compute source functions from derivatives of primary potential Ψ
i. At each position z along fiber, numerically compute AF B2 〈Ψ〉 {Bz2
for use in longitudinal problem
ii. At each positions in z and ϕ, numerically compute AF BrΨ{Bρ for use
in transverse problem
(b) At each position in z along fiber:
i. Compute total transmembrane potential as the sum of the mean-free
and mean transmembrane potentials: Φm  φm   fm
ii. Compute transmembrane current ImpΦmq at each angle ϕ on the
membrane using Eq. 2.28
iii. Compute respective mean-free and mean transmembrane currents: Im
and Im
iv. At each ϕ along the membrane, solve Eq. 2.30 for pore density Nep
at t  ∆t using Φm and Nep at current t
(c) At each position in z along fiber use Im and AF BrΨ{Bρ to solve transverse
problem (Eq. 2.13) for mean-free potentials at t  ∆t
(d) Use Im and B2 〈Ψ〉 {Bz2 to solve longitudinal problem (Eq. 2.16) for mean
potentials at t  ∆t
A substantial amount of research and coding are needed in order to account for
the changing tissue conductivities due to electroporation. One of the first details to
notice is that using cylindrical geometry of individual fibers means that membrane
conductivity σm in step 1 of the time loop depends on all three Cartesian coordinates
x, y, and z at the tissue level (see Fig. 2.10). For a passive fiber the transverse
conductivity in the x direction is equal to that in the y direction, however, this
is no longer true after electroporation occurs. Thus, tissue conductivities must be
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calculated in full 3D in step 2 of the time loop, not only in Cartesian coordinates z
and y, as depicted in contour plots of the tissue space in Fig. 2.17. The three tissue
conductivities would be σxpx, y, zq, σypx, y, zq, and σzpx, y, zq.
Step 2 of the time loop used for solving primary potential Ψ based on local elec-
troporation behavior is intentionally lacking detail, given the novel nature of doing
this in muscle tissue with fiber geometry included. At first it may seem that a poten-
tial solution would be to solve a 3D version of the 2D elliptic equation for primary
potential Ψ (Eq. 2.33), assuming a functional dependence of the conductivities ten-
sor on changes in membrane conductivity σm. The parameters in the function could
be fitted to experiments by comparing total current calculated over entire tissue in
model to total current over entire tissue measured in experiments. This approach is
similar to the work of Miklavcic’s group discussed in Sec 2.4, except in this case the
change in tissue conductivities would be triggered by the local value of membrane
conductivity, not the local magnitude of the electric field (Eq. 2.59).76,103,123,125 Fur-
thermore, this approach is similar to the analysis used in Sec. 2.4, except that in this
case the tissue conductivities would be allowed to change dynamically in space and
time as electroporation at the membrane level occurs. However, measuring total tis-
sue current is not very satisfactory given the novelty of the asymptotic model lies in
the microscale fiber geometry and resulting electroporation dynamics. Furthermore,
it is not immediately clear how to relate microscale σmpϕ, zq to tissue conductivities
σxpx, y, zq, σypx, y, zq, and σzpx, y, zq.
A more complete approach to solve primary potential Ψ in Step 2 of the time loop
above may be to directly compute the tissue conductivities, and then use these tissue
conductivities to solve a 3D version of the elliptic equation for primary potential
(Eq. 2.33). First, focus is placed on the transverse tissue conductivities σx and σy.
A potential approach is based on the theoretical work of Gielen et al.,105 where a
uniform field was considered in either the x or y-dimensions for an individual unit
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Figure 4.1: Setup for calculating transverse macroscopic tissue conductivities.
Here, a unit fiber in the periodic lattice with extracellular boundary is shown in
the presence of a uniform electric field generated by hypothetical plate electrodes of
surface area A separated by distance d. The voltage drop across the unit is ∆V and
total current delivered to the unit is Itot. This setup is used to justify Eq. 4.1 for
calculating macroscopic transverse tissue conductivities.
fiber or small collection of the periodic fibers, as illustrated for one fiber in the y-
dimension case in Fig. 4.1. The definition of resistance is used to find the effective
tissue conductivity,
σx,y  Itotd
∆V A
, (4.1)
where Itot is the total current delivered over surface areaA across length d with change
in voltage ∆V . The notation σx,y is used to indicate this approach is applicable to
orientations of the uniform field in both the x and y-dimensions (both transverse
directions). In the asymptotic model Itot may be calculated from the current density
J by integrating J over surface area A, where J is calculated from microscopic
conductivities, e.g., Jy  σiBVi{By. J responds to changes in microscopic membrane
conductivity σm, and in this way changes in σm due to electroporation could be
incorporated into the macroscopic tissue conductivities. A similar approach was
used by Weaver’s group to calculate changes in the electrical properties of liver tissue
during electroporation, but the system was converted into circuits and the program
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Figure 4.2: Dependence of longitudinal current flow on interelectrode distance.
A section of fiber is shown in the presence of a longitudinal uniform electric field
generated by hypothetical plate electrodes separated by distance d. Current lines are
shown as dashed arrows, but are simplified in nature for illustration only. Illustration
of current is shown for (A) non-electroporating fiber with large (A) and small (B)
interelectrode distance compared to length constant, as well as electroporating fiber
for large (C) and small (D) interelectrode distance compared to length constant.
SPICE was used to solve the circuits,.55,79 Also, Weaver’s group did not take into
account directional dependence of electroporation and tissue conductivities, thus,
their approach has never been applied to muscle tissue.
Gielen et al. applied longitudinal current to the extracellular space and found
that longitudinal conductivity is a function of the distance between the electrodes.105
This phenomenon is a consequence of current entering both extracellular and intra-
cellular spaces for interelectrode distances much larger than the fiber length constant
(Fig. 4.2A), but being confined to the extracellular space for interelectrode distances
smaller or on the order of the length constant (Fig. 4.2B). Furthermore, if the lon-
gitudinal conductivity is measured using electrodes that are separated by a distance
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that is many times larger than the length constant of the fiber, then longitudinal
conductivity would not be expected to change much, if any, during electroporation,
given that current already penetrates both the intracellular and extracellular spaces
without electroporation (Figs. 4.2A and 4.2C). If electrodes are separated by a dis-
tance smaller or on the order of the length constant, then electroporation may make
a difference in longitudinal conductivity, given that it will open up the intracellu-
lar pathway to current flow even over short lengths of fiber (Figs. 4.2B and 4.2D).
This phenomenon may explain why Corovic et al. found a change in longitudinal
conductivity of 2.5 with interelectrode distance of 5.2 mm, given that typical length
constants of fibers are on the order of a millimeter.126 The question becomes, over
what length of fiber should one measure the effective longitudinal tissue conductivity?
It appears that a more trustworthy or standardized method of calculating longitu-
dinal tissue conductivity needs to be devised before the changes in conductivity due
to electroporation can be implemented.
Another major challenge in implementing the algorithm above is that Ψ must
be computed numerically instead of analytically, which can lead to large errors in
computing the derivative transverse and longitudinal AFs: BrΨ{Bρ and B2 〈Ψ〉 {Bz2,
respectively. This issue was discussed in Sec. 4.3.4, and our previous work shows
that numerical error is not improved by using more sophisticated software packages.75
Finally, in numerically computing Ψ at every time step increases the computational
resources needed to solve the problem, in addition to the approximate 20 hours of
computer runtime required to simulate the current version of the asymptotic electro-
porating fiber model out to 20 seconds, when all pores have resealed and uptake ends
(x86-64, i7-2600 3.4 GHz Processor, 4 GB RAM, running MATLAB under Linux).
The time required to solve the model may be reduced by using a more sophisticated
discretization scheme requiring fewer nodes than the finite difference method, such
as the boundary element method.157
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5Summary and Conclusions
Previous models of electroporation-mediated delivery in muscle tissue have neglected
membrane charging due to the longitudinal AF, while studies of fiber stimulation
dynamics have demonstrated the importance of the longitudinal AF.29,62,63,64,65,66,76
One of the primary barriers to incorporating effects from the longitudinal AF in
these previous models of electroporating muscle tissue is that the individual fiber
geometry is not implemented. Rather, muscle geometry is only considered at the
macroscale tissue geometry, and the tissue is considered to be anisotropic.29,76 The
research presented here derives an asymptotic fiber model that increases computa-
tional efficiency of modeling 3D, cylindrical fibers, and in doing so highlights the
effects from the longitudinal AF and introduces a new AF: the transverse AF. To
simulate electroporation, the asymptotic model of electroporation48 is easily inte-
grated into the asymptotic fiber model, and equations to model molecular uptake
through these pores are derived from a conservation of mass equation that takes
into account transport via diffusion and the electric field. In this manner, molecular
uptake is simulated in a single, 3D cylindrical muscle fiber.
It is at the level of the individual fibers that the mechanisms behind charging
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and electroporation of the membrane from transverse and longitudinal AFs are elu-
cidated. In passive fibers close to the electrodes (0.18 mm from surface of needles),
there is fast charging of the membrane due to polarization of the fiber from the
transverse AF within the first few microseconds, and then slower charging due to
longitudinal AF. However, there is virtually no flow of current across the membrane
due to very large membrane resistance. On the other hand, for electroporating fibers
close to the electrodes, the transverse AF charges the membrane within the first few
microseconds, creating pores in the membrane, drastically increasing the local con-
ductance of the membrane. This drastic increase in conductance effectively breaks
down the membrane and discharges the membrane, exposing the intracellular space
to the extracellular field, and precludes any further charging of the membrane from
the slower acting longitudinal AF. For typical fiber geometry, electrode geometry,
and pulsing protocols used in delivery of small molecules, this dominance of the
transverse AF is observed for most of the length of a fiber close to the electrodes.
However, for the 8% of fiber that is nearest the ends of the fiber, the transverse AF
is too weak to yield electroporation, and electroporation primarily occurs on a longer
time scale from charging via the longitudinal AF. Still, over the entire fiber close to
the electrodes, the total uptake only increases by 0.91% from the longitudinal AF. In
contrast, for more distal fibers four times the needle radius away from the surface of
the needle (1.2 mm away from surface), the longitudinal AF dominates uptake and
increases it by nearly 2000%. Due to this unique nature of electroporation, previous
alterations to the cable equations to include dynamics effects of transverse charging
in modeling stimulation are appropriate for modeling electroporation.131 However, it
is very important to fully simulate temporal dynamics of transverse charging during
the first few microseconds, which means temporally static terms added to the cable
equation are not appropriate.67,130
Based on periodicity and that fibers are independent of each other, multiple
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fibers are simulated at different electrode-fiber distances to model tissue-wide up-
take. Observing uptake on this scale reveals that the importance of including the
longitudinal AF cannot be assessed at the single fiber level alone. While the longi-
tudinal AF enhances uptake by 2000% for a fiber far from the electrodes, the total
amount of uptake is very small in this fiber relative to the fiber close to the electrodes.
Therefore, over the entire tissue, the enhancement in uptake from including the lon-
gitudinal AF is only 3.95% over the entire tissue for pulse strength of 800 V/cm, and
reaches a maximum of 9.3% for 400 V/cm, the lowest pulse strength simulated. In
practical terms, this error is on the order of the 6% experimental variability observed
for molecular delivery to small animals,31 and so neglecting the longitudinal AF is
not expected to be very important in reproducing experiments. Therefore, the error
from neglecting the longitudinal AF in previous theoretical studies is not expected
to be very significant. However, it should also be noted that all other studies of
electroporation-mediated uptake in muscle tissue do not take into account individ-
ual fiber geometry.29,76 These studies base electroporation on field strength. From
this perspective, it would be desirable to use the asymptotic electroporating fiber
model, as it may more accurately measure the effect from the transverse component
of the field, given that the transverse AF is derived from 3D cylindrical geometry.
The enhancement in uptake from the longitudinal AF depends on pulsing proto-
col and assumptions in the model. For a pulse strength of 1000 V/cm, the effect is
2.8%, while for 400 V/cm it is nearly 10%. By switching orientation of electrodes
from longitudinal to transverse with respect to fibers for a pulse strength of 800
V/cm, the uptake enhancement from the longitudinal AF decreases from 3.95% to
0.752% because the transverse AF is amplified, which precludes charging from the
longitudinal AF. Furthermore, the enhancement in uptake from the longitudinal AF
decreases as the distance between fibers in tissue is increased. Finally, the model as-
sumes the tissue conductivities are not affected by electroporation, which results in
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an estimated error of only 7% in reporting the uptake enhancement from the longitu-
dinal AF. However, numerically solving for the activating functions when accounting
for changes in tissue conductivities from electroporation yields 30% estimated error
in uptake. Thus, further investigation is needed to discern the error from assuming
that tissue conductivities do not change from electroporation.
The asymptotic electroporating fiber model reproduces molecular uptake of small
molecules in soleus muscle tissue of mice and rats quantitatively and qualitatively.
Simulations and experiments both show that total tissue uptake is a linear function
of field strength, and for field strengths between 400 and 1000 V/cm the percent
difference between experiments and simulations is never more than 5%.31 Further-
more, both models and experiments show that the increase in uptake from larger field
strengths occurs because a larger region of tissue is being permeabilized, rather than
enhancing uptake in regions already permeabilized.31 In the model, this phenomenon
is explained by local regions of tissue reaching steady state intracellular concentra-
tion of molecule, so that enhanced permeabilization will not enhance uptake. The
total tissue uptake is predicted well by the assuming a threshold field magnitude
|E|th for electroporation to occur, as often assumed in other models.29,30 However,
the spatial distribution of uptake throughout tissue predicted by the threshold field
model is different than in the full uptake model, and the difference originates from the
transverse AF. Finally, simulations show a 75% increase in uptake when orientation
of electrodes are switched from longitudinal to transverse with respect to the muscle
fibers, which is only qualitatively confirmed by other published theoretical model
studies, where the increase is only 20%.103 The model reveals that the mechanism
behind this increase is the greater region of tissue that attains at least a moderate
amount of uptake.
In general, the findings of this research suggest several considerations in optimiz-
ing molecular uptake in experiments on muscle tissue. First, results suggest design
162
of electrodes should focus on optimizing the volume of tissue permeabilized. This
prescription is based on the fact that, for typical pulse magnitudes between 400 and
1000 V/cm, the limiting factor in terms of molecular delivery is not the intracellular
concentration value in regions of tissue permeabilized, but rather, the actual volume
of tissue that is permeabilized. Practically, this suggests design of needle electrodes
that have multiple needles and/or large diameters, and that are spread out over the
tissue, which is corroborated in other simulation studies.103 These findings also cor-
roborate studies using plate electrodes and novel spatula electrodes30,134 to make the
field more uniform throughout tissue. Second, given the overwhelming importance of
the transverse AF in terms of controlling molecular uptake, electrode configurations
should be designed to amplify the field transverse to the fibers, as well as extend the
region over which this field remains sufficiently large. Finally, locally increasing the
tissue conductivity around the electrodes may enhance total tissue uptake, given that
this effectively increases the longitudinal and transverse AFs in regions of tissue far
from the electrodes. This practically suggests a new direction in optimizing uptake
that may involve increasing the tissue conductivity locally around the electrodes.
Future directions for improving upon the asymptotic electroporating fiber model
are found in analyzing the limitations of the current version of the model. Membrane
level electroporation parameters should be based on muscle experiments rather than
artificial lipid bilayers, and the model of electroporation should allow for growing
pores. Altering parameters may decrease the effect from the longitudinal AF, given
that the membrane would be more prone to undergo electroporation on the time scale
of charging via the transverse AF. On the other hand, allowing for growing pores may
increase the contribution of the longitudinal AF to uptake, given that large pores may
form in regions of tissue where the longitudinal AF dominates membrane charging.
The effects of other membrane dynamics, such as action potentials, may play a minor
role in electroporation, but are currently missing from the model. Also, the influx of
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molecules into the interstitial space from surrounding capillaries is missing from the
model, and it is shown that including this process may decrease the contribution of
the longitudinal AF to molecular uptake.
DNA uptake is the most relevant application of molecular delivery in muscle,
and many changes would need to be implemented, including removing assumptions
that neglect the electrophoretic effect on transport and that enforce initial uniform
molecular concentration in the interstitial space. DNA is a large polymer and exhibits
many different transport properties from small molecules, and the entire model for
molecular uptake would likely have to be completely rebuilt. Periodicity is assumed
in the model, and accounting for the aperiodic nature of muscle fibers in tissue
would require complex numerical models on computers that are powerful enough to
simulate dynamics occurring at spatial and temporal scales that differ by several
orders of magnitude. Finally, to accurately model the change in tissue conductivities
due to electroporation, numerical simulations must be devised that relate changes in
microscopic membrane conductivity to changes in macroscale tissue conductivities.
Doing so would involve complex additions to the model that must especially focus on
accurate representation of longitudinal tissue conductivity. These simulations must
also find a way to overcome the numerical error associated with taking derivatives
of potential to find transverse and longitudinal AFs.
Overall, the work presented here derives a novel, computationally efficient asymp-
totic fiber model that is useful in simulating membrane dynamics in 3D cylindrical
fibers, including membrane charging from both longitudinal and transverse compo-
nents of the pulse stimulus. This study introduces a novel transverse AF, in addition
to the traditional longitudinal AF used in the cable equations. Due to the unique
nature of electroporation, where membrane conductivity drastically increases on the
time scale of membrane charging via the transverse AF, the longitudinal AF plays
only a minor role in simulating molecular uptake. Therefore, this work supports the
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use of traditional skeletal muscle electroporation models that neglect the longitudinal
AF, yet, highlights the fact that these previous models do not include individual fiber
geometry and may not properly account for charging of the membrane via transverse
currents. Furthermore, the relative importance of the longitudinal AF is dependent
on pulse parameters and assumptions made in the model. Thus, this work intro-
duces the types of metrics to be considered in analysis, provides evidence that the
longitudinal AF does play a small role in molecular uptake, and delivers a substan-
tial core model on which to build more realistic models for electroporation-mediated
molecular delivery. As models become more advanced, they will be able to enhance
our understanding of the mechanisms involved in molecular delivery in skeletal mus-
cle, and therefore provide guidance on optimizing delivery for potential therapeutic
applications, such as gene therapy. Potential benefits to the clinical setting are far
reaching, from DNA vaccines to treat cancer and HIV to increasing the mobility of
those suffering from muscular dystrophy.17
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Appendix A
Separation of Im and BΨ{Bρ into the Mean-Free
and Mean Components
1For any position ϕ, z along the fiber, the membrane current density is Im,
Im  Im   Im, (A.1)
where the mean component Im is the average of Im over the fiber circumference and
the mean-free component is Im  Im  Im.
The relative magnitudes of these components are now considered. In the scaling
table (Table 2.1), the magnitude of Im was assumed to be σiVc{a; this approximates
the maximum capacitive current that charges the membrane right after the stimulus
is turned on. Once the membrane is charged, the current decreases, as it flows
through the large membrane resistance Rm. Thus, a smaller unit is used, Vc{Rm, for
1 Many of the ideas in this section are originally from our published article with Springer pub-
lishing (springerlink.com, DOI 10.1007/s11517-012-0870-3) in Medical & Biological Engineering &
Computing : http://link.springer.com/article/10.1007%2Fs11517-012-0870-3.
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the slower, mean component Im of the current. Computing the ratio of magnitudes,
Im
Im
 Vc{Rm
σiVc{a 
a
σiRm
 , (A.2)
it is evident that the mean component Im is Opq. Consequently, the scaled version
of formula (A.1) contains small parameter ,
Im  Im   Im, (A.3)
which is used as Eq. 2.11 in Sec. 2.1.1, and is used in Appendix B.
Similarly, the ρ-derivative of the primary potential can be written as
BΨ
Bρ 
BrΨ
Bρ  
BΨ
Bρ (A.4)
where the mean component Ψ is the average of Ψ over the fiber circumference and the
mean-free component is rΨ  ΨΨ. To show that BΨ{Bρ is Opq, a homogenization
procedure is used similar to Appendix B.
The intracellular volume space vi occupied by a ∆z segment of a fiber is con-
sidered (Fig. A.1). Since electrodes are in the extracellular space, in intracellular
volume space vi the primary potential Ψ is governed by Laplace’s equation. Using
the divergence theorem, the integral of Laplace’s equation over the intracellular vol-
ume vi is converted into an integral of the primary potential gradient normal to the
boundaries M , Ei,1, and Ei,2. The resulting equation in dimensionless variables is
»
M
BΨ
Bρ ds  
»
Ei,2
BΨ
Bz ds
»
Ei,1
BΨ
Bz ds

 0. (A.5)
Assuming that Ψ is constant over a ∆z interval and using the definition of the mean
component Ψ, the first term in Eq. A.5 is evaluated as
»
M
BΨ
Bρ ds  2pi∆z
BΨ
Bρ . (A.6)
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Figure A.1: Short length of fiber used in showing BΨ{Bρ is Opq. Short length of
fiber is ∆z long, that has intracellular volume vi. The boundaries of the short length
of fiber are membrane M , and end caps Ei,1 to Ei,2.
The second and third terms become

»
Ei,2
BΨ
Bz ds
»
Ei,1
BΨ
Bz ds

 pi
 B 〈Ψ〉
Bz

z ∆z
 B 〈Ψ〉Bz

z


, (A.7)
where 〈Ψ〉 is the average of Ψ computed over the fiber cross-sectional area of the
intracellular fiber space.
Substituting Eqs. A.6 and A.7 into Eq. A.5, and rearranging, yields
BΨ
Bρ  

2
B 〈Ψ〉
Bz

z ∆z
 B 〈Ψ〉Bz

z
∆z
ÝÝÝÑ
∆zÑ0
 
2
B2xΨy
Bz2 , (A.8)
which is used in Eq. 2.12 in Sec. 2.1.1 and in Appendix B.
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Appendix B
Derivation of the Governing Equations for the
Mean Potentials
1The governing equation for the LO mean potential in the longitudinal problem (Sec.
2.1.3) is derived using the homogenization process. The derivation begins with the
scaled Laplace’s equations in cylindrical coordinates (Eqs. 2.7a and 2.7b in Sec.
2.1.1), repeated here for convenience,
1
ρ
B
Bρ

ρ
BΦi
Bρ


  1
ρ2
B2Φi
Bϕ2   
B2Φi
Bz2  0 in ρ   a, (B.1a)
1
ρ
B
Bρ

ρ
BΦe
Bρ


  1
ρ2
B2Φe
Bϕ2   
B2Φe
Bz2  0 in ρ ¡ a. (B.1b)
First, the intracellular potential Φi in the intracellular space is considered, in a small
segment of fiber ∆z long (Fig. B.1) Using the divergence theorem, the integral of
Laplace’s equation over the intracellular volume vi is converted into an integral of
the potential gradient normal to the boundaries M , Ei,1, and Ei,2. The resulting
1 Many of the ideas in this section are originally from our published article with Springer pub-
lishing (springerlink.com, DOI 10.1007/s11517-012-0870-3) in Medical & Biological Engineering &
Computing : http://link.springer.com/article/10.1007%2Fs11517-012-0870-3.
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Figure B.1: Short length of fiber used to derive 1D equation for mean component
of transmembrane potential in the longitudinal problem (Eq. 2.16). Short length
of fiber is ∆z long, that has intracellular and extracellular volumes vi and ve. The
boundaries of the short length of fiber are membrane M , end caps Ei,1 to Ee,2, and
extracellular boundary B. Boundary B is drawn with arbitrary radius Rb to allow
for formulation of a general equation first, and then subsequently assuming the fiber
is in an infinite extracellular medium to produce the specific equation.
equation is Eq. 2.14a in Sec. 2.1.3, repeated here,
»
M
BΦi
Bρ ds  
»
Ei,2
BΦi
Bz ds
»
Ei,1
BΦi
Bz ds

 0. (B.2)
Equation B.2 can be simplified as follows by considering each term in the equation
in turn. For the first term, the continuity-of-current condition (Eq. 2.7c in Sec. 2.1.1)
is substituted for the derivative in ρ,
»
M
BΦi
Bρ ds 
» z ∆z
z
» 2pi
0

BΦmBτ  
BΦm
BTs  Im 
BΨ
Bρ


dϕ dz. (B.3)
Potentials are replaced by their LO expansions that are separated into the mean-free
and mean components (Eq. 2.10), and each term in Eq. B.3 is now considered in
turn. First, it is recognized that BΦ0m{Bτ  Bφ0m{Bτ because f 0m is independent of
τ . This term drops out because the integral of φ0m over the fiber circumference is
zero. Second, it is recognized that BΦ0m{BTs  Bf 0m{BTs because φ0m is independent
of Ts. Assuming that f
0
m is constant over the ∆z interval, the integral of f
0
m over
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M reduces to 2pi∆zf 0m. The separation Im  Im   Im (Eq. A.3 in Appendix A) is
used to evaluate the double integral of Im in Eq. B.3 as 2pi∆zIm. Similarly, the
separation of BΨ{Bρ given in Appendix A (Eq. A.4) is used to evaluate the double
integral of the last term in Eq. B.3 as 2pi∆zBΨ{Bρ. Thus, Eq. B.3 is reduced to
»
M
BΦi
Bρ ds  2pi∆z
"

Bf 0m
BT   Im  
BΨ
Bρ
*
, (B.4)
where a bar over a symbol denotes its average over the fiber circumference.
For the second term in Eq. B.2, the potentials are replaced by their LO expansions
(Eq. 2.10). Since the mean intracellular potential f 0i is an average over the fiber
cross-section, it is recognized that the surface integral of BΦ0i {Bz can be substituted
by Bf 0i {Bz, which yields
»
Ei,2

BΦ0i
Bz ds  pi
Bf 0i
Bz

z ∆z
. (B.5)
The third term in Eq. B.2 is reduced using a similar procedure, resulting in
»
Ei,1

BΦ0i
Bz ds  pi
Bf 0i
Bz

z
. (B.6)
Substituting Eqs. B.4, B.5, and B.6 into Eq. B.2, and rearranging, yields
Bf 0i
Bz

z ∆z
 Bf
0
i
Bz

z
∆z
 2
"Bf 0m
BTs   Im
*
  2

BΨ
Bρ (B.7)
The last term in Eq. B.7 appears to be Op1{q. However, it is in fact Op1q because
BΨ{Bρ is Opq as shown by Eq. A.8 in Appendix A. Using Eq. A.8 and taking the
limit ∆z Ñ 0, the PDE governing the LO mean intracellular potential is obtained,
B2f 0i
Bz2  2
"Bf 0m
BTs   Im
*
 B
2 〈Ψ〉
Bz2 . (B.8)
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A similar homogenization procedure is used for extracellular space, where the
scaled Laplace’s equation for extracellular potential Φe is integrated over a ∆z seg-
ment of extracellular space surrounding the fiber (Fig. B.1). Using the divergence
theorem, the integral of Laplace’s equation over the extracellular volume ve is con-
verted into an integral of the potential gradient normal to the boundaries M , B,
Ee,1, and Ee,2. The resulting equation is Eq. 2.14b in Sec. 2.1.3, repeated here,

»
M
BΦe
Bρ ds  
»
Ee,2
BΦe
Bz ds
»
Ee,1
BΦe
Bz ds

 
»
B
BΦe
Bρ ds  0. (B.9)
Equation B.9 can be simplified as follows by considering each term in the equa-
tion in turn. For the first term, the continuity-of-current condition (Eq. 2.7d) is
substituted for the derivative in ρ,»
M
BΦe
Bρ ds 
» z ∆z
z
» 2pi
0
"
1
µ

BΦmBτ  
BΦm
BTs  Im


 BΨBρ
*
dϕ dz, (B.10)
where µ  σe{σi is the ratio of conductivities. Potentials are replaced by their
LO expansions that are separated into the mean-free and mean components (Eq.
2.10), and each term in Eq. B.10 is now considered in turn. The same procedure
and assumptions used for the intracellular space are enforced here, and Eq. B.10 is
reduced to »
M
BΦe
Bρ ds  2pi∆z
"
1
µ


Bf 0m
BT   Im


  BΨBρ
*
, (B.11)
where a bar over a symbol denotes its average over the fiber circumference.
For the second term in Eq. B.9, the potentials are replaced by their LO expan-
sions (Eq. 2.10). Since the mean extracellular potential f 0e is an average over the
extracellular cross-section, it is recognized that the surface integral of BΦ0e{Bz can be
substituted by Bf 0e {Bz, which yields»
Ee,2

BΦ0e
Bz ds  γpi
Bf 0e
Bz

z ∆z
, (B.12)
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where γ  Ae{Ai is the ratio of cross-sectional areas of extracellular and intracellular
space. The third term in Eq. B.9 is reduced using a similar procedure, resulting in»
Ee,1

BΦ0e
Bz ds  γpi
Bf 0e
Bz

z
. (B.13)
The final term in Eq. B.9 drops out because Φe Ñ 0 as ρ Ñ 8. Alternatively, it is
noted that BΦ0e{Bρ  Bφ0e{Bρ because f 0e is independent of ρ, and integrating Bφ0e{Bρ
over fiber circumference yields zero. Using this alternate logic shows that this final
term drops out regardless of the size of the extracellular medium. Finally, a physical
interpretation for neglecting this final term in Eq. B.9 is that fibers are very close,
so that dynamics in one fiber are similar to those in the adjacent fiber, resulting in
no flux at the boundary. This assumption is less accurate for fibers very close to the
electrodes, where the electric field may change substantially even for a small change
in distance from electrodes, which is a weakness of the current version of the model.
Substituting Eqs. B.11, B.12, and B.13 into Eq. B.9 yields
γµ
Bf 0e
Bz

z ∆z
 Bf
0
e
Bz

z
∆z
 2
"Bf 0m
BTs   Im
*
 µ2

BΨ
Bρ (B.14)
The last term in (B.14) appears to be Op1{q. However, it is in fact Op1q because
BΨ{Bρ is Opq as shown by Eq. A.8 in Appendix A. Using Eq. A.8 and taking the
limit ∆z Ñ 0, the PDE governing the LO mean extracellular potential is obtained,
γµ
B2f 0e
Bz2  2
"Bf 0m
BTs   Im
*
  µB
2 〈Ψ〉
Bz2 . (B.15)
Subtracting Eq. B.15 from Eq. B.8 and approximating f 0m (average over the
circumference) by f 0i  f 0e (the difference of area averages), the PDE for the LO
mean transmembrane potential is obtained,
B2f 0m
Bz2  2

1   1
γµ

 "Bf 0m
BTs   Im
*


1   1
γ

 B2xΨy
Bz2 . (B.16)
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Converting Eq. B.16 into original dimensional variables using the scaling table (Table
2.1) results in Eq. 2.15 in Sec. 2.1.3: the cable equation for a fiber in arbitrary size
of extracellular space. For a fiber in an infinite extracellular space, 1{γ Ñ 0, which
implies f 0i Ñ f 0m and f 0e Ñ 0. In Eq. B.16, terms with 1{γ can be dropped, and
expression in the original dimensional variables results in Eq. 2.16 in Sec 2.1.3: the
cable equation for a fiber in infinite extracellular space.
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Appendix C
Derivation of the Equation for Membrane
Molecular Flux Through Electropores
The derivation begins with assuming that flux across the membrane is only significant
in the transverse direction, given that the total surface area of the end caps of the
fiber is three orders of magnitudes smaller than the rest of the membrane. Next, it
is assumed that potentials and concentrations are 1D in the ξ-dimension across the
membrane with thickness h, so that ξ  0 is the intracellular side of the membrane
interface and ξ  h is the extracellular side of the membrane interface, as shown in
Fig. C.1.101,114 Membrane flux jm is a modified Nernst-Planck equation that includes
effects from the Born energy barrier arising from charged molecules traveling through
electropores within the low permittivity space of the membrane,100,101,102
jm  Dm
"Bcm
Bξ  
cmzme
kBT
BPm
Bξ  
cmzme
kBT
BB
Bξ
*
, (C.1)
where cm is the concentration within the membrane, zm is valence charge on molecule,
T is temperature, Pm is the electric potential within the membrane, and B is the is the
induced polarization charge on the membrane due to the Born energy barrier within
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the membrane.101 Dm is the diffusion coefficient of the molecules in the aqueous
electropores, D0, multiplied by the porosity of the membrane,
115
Dm  D0
 
pir2mNep

(C.2)
where rm is the radius of a pore and Nep is the density of pores in the membrane
(Sec. 2.2).
For convenience the definition Ptpξq  Pmpξq   Bpξq is used, and Eq. C.1 is
rewritten as
jm  Dm
"Bcmpξq
Bξ  
cmpξqzme
kBT
BPtpξq
Bξ
*
, (C.3)
The steps and assumptions in the derivation are similar to those used by Barnett in
deriving the 1D equation for conductance of a pore, taking into account the Born
energy barrier.101 First, equation C.3 is rewritten as
jm  Dm exp

 zme
kBT
Ptpξq
 B
Bξ
"
cmpξq exp

zme
kBT
Ptpξq
*
. (C.4)
Both sides of Eq. C.4 are multiplied by exp rzmePtpξq{pkBT qs {Dm, and the result
is integrated along the length of the pore from ξ  0 to ξ  h (Fig. C.1). On the
left side of the equation, recalling that jm is independent of ξ if quasi-steady flow is
assumed (Sec. 2.3.1), it is possible to take jm outside of the integral. On the right
side, the line integral of the derivative is equal to the change in value of the argument
of the derivative. The result is
jm
Dm
» h
0
exp

zme
kBT
Ptpξq

dξ  cmp0q exp

zme
kBT
Ptp0q

 cmphq exp

zme
kBT
Ptphq

.
(C.5)
It is assumed that the potential due to the Born energy barrier Bpξq at ξ  0 and
ξ  h can be redefined in terms of intracellular (Bi) and extracellular (Be) poten-
tials at the membrane interface: Bp0q  Bi and Bphq  Be, respectively. Similarly,
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Figure C.1: Membrane geometry used to derive the equation for molecular mem-
brane flux through pores (Eq. 2.46). An illustration of a zoomed in view of a single
pore in the membrane is shown, along the with intracellular and extracellular side of
the membrane. Derivation of membrane flux assumes 1D flow in the ξ-direction. In
accordance with Barnett’s work,101 the membrane is assumed to have finite thickness
h so that the Nernst-Planck equation can be integrated across the thickness of the
membrane in the derivation.
it is assumed that concentration and potential at ξ  0 and ξ  h can be rede-
fined in terms of the intramembrane concentration cmpξq and potential Ptpξq at the
intracellular and extracellular membrane interfaces (interface potential neglected):
cmp0q  ci, Ptp0q  Vi   Bi, cmphq  ce, and Ptphq  Ve   Be. In the previous
equations, subscript i means intracellular and subscript e means extracellular. Using
these specific values, Eq. C.5 is rewritten,
jm
Dm
» h
0
exp

zme
kBT
Ptpξq

dξ  ci exp

zme
kBT
pVi   Biq

 ce exp

zme
kBT
pVe   Beq

.
(C.6)
Solving for jm in Eq. C.6, and multiplying numerator and denominator of the right
side of the resulting equation by exp rzmepVe   Beq{pkBT qs yields
jm  Dm
ci exp

zme
kBT
pVi  Ve   Bi  Beq

 ce» h
0
exp

zme
kBT
pPtpξq  Ve  Beq

dξ
. (C.7)
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It is assumed that the potential due to the Born energy barrier Bpξq can be written in
the form Bpξq  zmeFpξq, where Fpξq has units J/C2.101 Function Fpξq is assumed to
be trapezoidal (Fig. C.2) and even symmetric with respect to membrane midplane,
as proposed by Glaser et al.100 As a result Fpξq  Fph  ξq, and Bi  Be. Using
these assumptions and the definition Ptpξq  Pmpξq   Bpξq, Eq. C.7 becomes
jm  Dm
ci exp

zme
kBT
pVi  Veq

 ce» h
0
exp

zme
kBT
pPmpξq  Veq   z
2
me
2
kBT
pFpξq  Feq

dξ
. (C.8)
Eq. C.8 is rewritten in terms of nondimensional transmembrane potential U 
zmepViVeq{pkBT q and nondimensional Born energy barrier wpξq  z2me2{pkBT qpFpξq
Feq. Furthermore, the external field governing Pm across the thin membrane is as-
sumed uniform114,115 so that Pmpξq  Ve  Uph ξq{h, yielding
jm  Dm cie
U  ce» h
0
exp

U
h ξ
h
  wpξq

dξ
. (C.9)
The integral in the denominator of Eq. C.9 is broken up into three integrals I1,I2,
and I3 corresponding to the different regions of the trapezoidal energy barrier in Fig.
C.2,
jm  Dm cie
U  ce
I1   I2   I3 , (C.10)
where I1 through I3 are integrals,
I1 
» l
0
exp

U
h ξ
h
  wo
l
ξ

dξ, (C.11a)
I2 
» hl
l
exp

U
h ξ
h
  wo

dξ, (C.11b)
I3 
» h
hl
exp

U
h ξ
h
 wo
l
pξ  hq

dξ. (C.11c)
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The term wpξq from Eq. C.9 is expressed in Eq. C.11 in terms of the pore entrance
length l, the nondimensional energy barrier wo  z2me2{pkBT qpFo  Feq, and ξ (Fig.
C.2). Evaluating the three definite integrals in Eq. C.11, and expressing the result
in terms of the relative pore entrance length n  l{h yields
I1  nh
wo  Un
 
ewo Up1nq  eU( , (C.12a)
I2   h
U
 
ewo Un  ewo Up1nq( , (C.12b)
I3   nh
wo   Un
 
1  ewo Un( . (C.12c)
Establishing two common denominators for the right side of Eqs. C.12a-C.12c, in-
cluding the numerator from Eq. C.10, and algebraically simplifying yields Eq. 2.46
in Sec. 2.3.1,
jm  Dm
h
cie
U  ce
woe
woUn  Un
U pwo  Unq e
U  woe
wo Un   Un
U pwo   Unq
. (C.13)
Equation C.13 is not defined for U  0, and an alternate equation must be
derived. Setting U  0 in Eqs. C.10 and C.11, yields
jm  Dm ci  ce» l
0
exp
wo
l
ξ

dξ  
» hl
l
exp rwos dξ  
» h
hl
exp

wo
l
pξ  hq

dξ
. (C.14)
Evaluating the three definite integrals in the denominator of Eq. C.14, and expressing
the result in terms of the relative pore entrance length n  l{h yields Eq. 2.49 in
Sec. 2.3.1,
jm  Dm
h
ci  ce
2newo
wo
 2n
wo
  ewo  2newo
. (C.15)
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Figure C.2: Born energy profile shape used to derive the equation for molecular
membrane flux through pores (Eq. 2.46). An illustration of a zoomed in view of a
single pore in the membrane is shown, along the with intracellular and extracellular
side of the membrane. The trapezoidal function Fpξq used to determine the Born
energy potential Bpξq is shown below the membrane pore illustration. The function
has a pore entrance length l, and a maximum value of Fo across the membrane
thickness h.
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Appendix D
Derivation of the Two-Compartment, 1D
Longitudinal Molecular Diffusion Equations
The two-compartment, 1D longitudinal diffusion equations for molecular uptake (Sec.
2.3.2) are derived using the divergence theorem. The derivation begins with conser-
vation of mass equations (Eqs. 2.43a and 2.43b in Sec. 2.3.1), repeated here for
convenience,
Bci
Bt  ∇  tD∇ci  viciu in ρ   a, (D.1a)
Bce
Bt  ∇  tD∇ce  veceu in a   ρ   Rb, (D.1b)
First, Eq. D.1a governing the intracellular concentration ci is considered. Using
the divergence theorem, the integral of Eq. D.1a over the intracellular volume vi is
converted into an integral of the molecular flux normal to the boundaries M , Ei,1,
and Ei,2 (Fig. D.1). Neglecting electric field transport (see Sec 2.3.2), the resulting
equation is
»
vi
Bci
Bt dv  D
»
M
Bci
Bρ ds 
»
Ei,2
Bci
Bz ds
»
Ei,1
Bci
Bz ds

. (D.2)
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Figure D.1: Short length of fiber used to derive 1D molecular uptake equation (Eq.
2.54). Short length of fiber is ∆z, that has intracellular and extracellular volumes vi
and ve. The boundaries of the short length of fiber are membrane M , end caps Ei,1
to Ee,2, and extracellular boundary B. The quantity Rb  a is one-half the distance
between muscle fibers. No-flux boundary condition is applied on boundary B, and
membrane flux jm is applied on boundary M .
According to the continuity of flux condition (Eq. 2.45 in Sec. 2.3.1), jm  DBci{Bρ
if electric field transport is neglected, and Eq. D.2 becomes
»
vi
Bci
Bt dv  
»
M
jmds D
»
Ei,2
Bci
Bz ds
»
Ei,1
Bci
Bz ds

, (D.3)
which is Eq. 2.53a in Sec. 2.3.2.
Rewriting Eq. D.3 in terms of definite integrals results in» z ∆z
z
» 2pi
0
» a
0
Bci
Bt ρ dρ dϕ dz  a
» z ∆z
z
» 2pi
0
jm dϕ dz
 D
» 2pi
0
» a
0
 Bci
Bz

z ∆z
 BciBz

z


ρ dρ dϕ.
(D.4)
Equation D.4 can be simplified by assuming ci and membrane flux jm are constant
over the ∆z interval, as well as assuming the “well-mixed” condition cipρ, ϕ, zq  cipzq
(see Sec. 2.3.2). The result is
pia2∆z
Bci
Bt  a∆z
» 2pi
0
jm dϕ Dpia2
 Bci
Bz

z ∆z
 BciBz

z


. (D.5)
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Expressing membrane flux in terms of the circumferential average jm, dividing by
pia2∆z, and taking the limit ∆z Ñ 0, Eq. D.5 is simplified to
Bci
Bt  D
B2ci
Bz2 
2
a
jm, (D.6)
which is Eq. 2.54a in Sec. 2.3.2. Note the equation for circumferential average
membrane flux,
jm  1
2pi
» 2pi
0
jm dϕ. (D.7)
A similar derivation is performed in the extracellular space, starting with the
conservation of mass equation for extracellular concentration ce (Eq. D.1b). Using
the divergence theorem, the integral of Eq. D.1b over extracellular volume ve (Fig.
D.1) is converted into an integral of the molecular flux normal to the boundaries M ,
B, Ee,1, and Ee,2. Neglecting electric field transport (see Sec 2.3.2), the resulting
equation is
»
ve
Bce
Bt dv  D


»
M
Bce
Bρ ds 
»
Ee,2
Bce
Bz ds
»
Ee,1
Bce
Bz ds 
»
B
Bce
Bρ ds

. (D.8)
According to the continuity of flux condition (Eq. 2.45 in Sec. 2.3.1), jm  DBce{Bρ
if electric field transport is neglected, and Eq. D.8 becomes
»
ve
Bce
Bt dv 
»
M
jmds D
»
Ee,2
Bce
Bz ds
»
Ee,1
Bce
Bz ds 
»
B
Bce
Bρ ds

, (D.9)
which is Eq. 2.53b in Sec. 2.3.2.
An additional assumption is added that in the extracellular region the flux normal
to the extracellular boundary B in Fig. D.1 is zero, i.e., the last term on the right
side of Eq. D.9 is zero. This assumption is made with the knowledge that muscle
fibers are packed tightly, so that the dynamics of electroporation and the resulting
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uptake of molecules is very similar from one fiber to its adjacent neighbors in the
tissue. If each fiber behaves similarly to its neighbors, then the no-flux boundary
condition on boundary B is valid. Using the no-flux boundary condition on boundary
B, and rewriting Eq. D.9 in terms of definite integrals results in» z ∆z
z
» 2pi
0
» Rb
a
Bce
Bt ρ dρ dϕ dz a
» z ∆z
z
» 2pi
0
jm dϕ dz
 D
» 2pi
0
» Rb
a
 Bce
Bz

z ∆z
 BceBz

z


ρ dρ dϕ.
(D.10)
Equation D.10 can be simplified by assuming ce and membrane flux jm are constant
over the ∆z interval, as well as assuming the “well-mixed” condition cepρ, ϕ, zq 
cepzq (see Sec. 2.3.2). The result is
pipR2b  a2q∆z
Bce
Bt  a∆z
» 2pi
0
jm dϕ DpipR2b  a2q
 Bce
Bz

z ∆z
 BceBz

z


. (D.11)
Expressing membrane flux in terms of the circumferential average jm, dividing by
pipR2b  a2q∆z, and taking the limit ∆z Ñ 0, Eq. D.11 is simplified to
Bce
Bt  D
B2ce
Bz2  
2a
R2b  a2
jm, (D.12)
which is Eq. 2.54b in Sec. 2.3.2. Taken together, Eqs. D.6 and D.12 describe the
two-compartment, 1D longitudinal diffusion problem with flux on the membrane jm
connecting the intracellular and extracellular compartments.
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Appendix E
Justification for Initial Uniform Interstitial
Molecular Concentration
This simplification is justified by first making an estimate of the length scale of
diffusion in a 2D cross section transverse to the muscle fibers before the electric
pulse is turned on: Ld,0 
a
4Dtd,0, where td,0 is the time the molecule has to
diffuse in the interstitial space pre-pulse. Diffusion coefficient D is taken from Table
2.4. Time td,0 is estimated from experiments using the following logic. Most of the
parameters involved in pulsing protocol and tissue geometries are based on small
molecule uptake experiments by Grafstrom et al. and Engstrom et al.31,32 In these
experiments, a molecule with molecular weight 416 Da was introduced into the body
of a rat via the femoral vein, and two minutes were allowed to pass before the electric
pulse was applied to the soleus muscle. This is the time the molecule is allowed to
reach the target muscle tissue, cross the blood vessel, and diffuse in the interstitial
space. For small molecules with molecular weight of approximately 400 Da, the
delivery is assumed limited by convection of the drug in blood vessels, and thus
transport across the vessel wall is assumed nearly instantaneous.115 Whole-body
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pharmacokinetic models and experiments have shown that concentration of small
molecules reach maximum in muscle within one to two minutes.145 If it is assumed
maximum concentration in muscle is achieved within one-and-a-half minutes, and
that this time lapse accounts for circulation time only so there is no interstitial
diffusion up until one-and-a-half minutes, then the molecules have thirty seconds to
diffuse in the interstitial space before the pulse is turned on at the two-minute mark.
Thus, the length scale of diffusion is Ld,0 
ap4qp2.01x1010qp30q  155 µm.
The length scale of diffusion, Ld,0  155 µm is compared to the maximum length
scale associated with the interstitial space. Experiments have shown that in a trans-
verse cross section of muscle tissue, there is at least one capillary per muscle fiber, as
shown in Fig. 1.2C.20,121 Assuming at least one capillary runs parallel to each fiber,
only the 2D transverse cross section is of concern, and the maximum length scale of
the interstitial space is the circumference around each fiber in the interstitial space.
For the case of interfiber distance being 1 µm, the extracellular boundary radius is
Rb  25.5 µm, and the circumference is 160 µm. With a diffusion distance of 155
µm, and maximal interstitial length scale of 160 µm, assuming uniform interstitial
concentration immediately before the pulse is turned on is expected to be fairly accu-
rate. However, a global pharmacokinetic analysis of the molecule’s transport in the
entire body, as well as microscale models of mass transport across the blood vessels
and within the interstitial space would need to be developed in order to fully justify
this assumption.
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